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Abstract

The result of the application of different approaches based on the ideal gas/rigid
rotor/harmonic oscillator (IGRRHO) model, commonly used in popular software
packages, for the calculation of free energies in solution is compared with that of ab
initio molecular dynamics for a process involving ligand exchange in palladium
complexes. The IGRRHO-based approaches considered differ in most cases in the
extent to which the rotational and translational contributions are included in the

correction. Our study supports the use the free energy values directly obtained from



dispersion-corrected DFT functionals without any correction or with minor corrections

at most.

I ntroduction

The estimation of Gibbs energy, also described as free energy, changes in chemical
reactions is the criterion used in mechanistic studies to accept or discard a computed
pathway. Thus, the accuracy of Gibbs energy calculations is of great relevance in
computational chemistry and continued effort is dedicated to the benchmark of
computational methods.! In recent years, the accuracy of the internal energy
contribution to the Gibbs energy has been a focus of attention. Indeed, improved
approximations to Density Functional Theory (DFT), certainly the most used approach
to the study of chemical reactivity in catalytic systems, have been proposed. Among
these, we acknowledge the introduction of dispersion-corrected functionals, which
improved the quality of potential energy surfaces. However, the entropic contribution to
the Gibbs energy may be also the source of sizable errors.

In the ideal gas/rigid rotor/harmonic oscillator (IGRRHO) approach, entropy is
introduced via the particle-in-a-box / rigid rotor / harmonic oscillator approximation.
Accordingly, the translational, rotational and vibrational degrees of freedom are
considered independent and the corresponding partition functions are estimated based
on the ideal-gas formulas of quantum statistical mechanics. This approach is, by
construction, appropriate for gas-phase reactions. However, homogeneous catalysis
usually takes place in solution and the evaluation of Gibbs energy changes in solution
becomes necessary. The proper method how to perform this evaluation has been a
matter of discussion in the last decades. Bulk solvation effects are accounted for in the

calculation of the potential energy through the use of continuum models. These models



approximate the averaged behavior of the solvent with a parameterized potential of
mean force, and are used to obtain the Gibbs energy of solvation which is added to the
potential energy of the system to estimate the potential energy in solution. The handling
of the entropic term has happened to be controversial. In particular, calculation of the
translational entropy in solution based on the particle-in-a-box model has been
questioned. Several approaches have appeared in the literature to address this
contribution, »»+S078S10GILIZIBIGINICITIS1920:2122232425 geyerg] authors have commented on
their use?®?728:29303132:33:3435:36:37:363940 and many researchers have applied these modified
corrections in their investigations, ! 434445:46474849,50:51,52:53,54,55:5657:5859-60:61-62:63-6065 Tt hag been
argued that the translational entropy should not be estimated via the particle-in-a-box
model for a system in solution. Translational and rotational entropies have been
proposed to change significantly in solution as the solvent somehow restricts the
movements of the solute with respect to what happens in gas phase.>**!'" Some authors
have estimated that the total entropy in solution should be about 50-70% of that in the

3031,32
gas phase, 77"

and different proposals have been put forward to estimate the
translational component of the entropy by re-computing or applying a correction to
AS rans-

To further complicate the issue, the opinion exposed in the previous paragraph is not
unanimous. A few authors have pointed out that the standard application of ideal
gas/rigid rotor/harmonic oscillator (RRHO) approach could be appropriate.®*”* Rauk
and co-workers examined the origin of the loss of entropy of a substance from gas phase
to solution®® and found that the most important loss of entropy is due to cavity
formation and that no important changes appear in ASans or ASt. Poli and co-workers

reported better agreement with experiment when using standard Gibbs energies than

when removing the translational and rotational entropy terms.”” And Harvey and Fey



found very good quantitative agreement of DFT-D standard Gibbs energies in solution
with available kinetic data.®® In contrast, they found that there was no agreement when
the same functional was used without dispersion.”’””" Harvey and Sunoj have also
assumed in a recent paper that none of these corrections to the IGRRHO approach are
necessary.'

A completely different approach to the estimation of free energy is taken in the field
of Ab Initio Molecular Dynamics (AIMD).” Here, numerical simulations are performed
to investigate the behavior of extended model systems, which include explicitly the
solvent. Specialized simulation techniques are used to estimate thermodynamic
quantities on the basis of classical statistical mechanics. Chemical intuition guides the
researcher in the choice of reaction coordinates along which the system probability
distribution is sampled. The outcome of the simulation is thus a potential of mean force
for a physically achievable process, which incorporates solvent effects as well as the
intrinsic interaction between the reactive moieties. Some of us have applied these
techniques with success in the field of homogeneous catalysis.”’*” The transformation
from AIMD simulation results to thermodynamical magnitudes is not trivial and
contains its own approaches, but it is important to emphasize that they are completely
unrelated to those of the IGRRHO treatment.

Despite being based on different model systems and approximations, the IGRRHO-
based and AIMD-based approaches attempt to estimate in practice the same quantity: a
free energy change in a chemical process. For the sake of exactitude, it has to be
mentioned here that the two methods use the term free energy for slightly different
magnitudes, in the case of IGRRHO calculations the Gibbs energy is computed (G)
whilst in the case of AIMD simulations the Helmholtz energy (A) is computed. The

difference between them is the term pAV, including pressure and change of volume.



pAV is expected to be very small in liquids because a significant change in the volume
is not expected to take place during the reaction. Therefore, we assume that Helmholtz
and Gibbs energies should be essentially the same for the systems under study. And we
will use the somehow ambiguous free energy label for the remaining of this manuscript.

It thus appears of interest to perform a comparison between the results of the two
general approaches: IGRRHO-based and AIMD-based. To this goal, we have focused
on a ubiquitous phenomenon in homogeneous catalysis, namely speciation reactions, for
which available experimental data are scarce. We have experience in the study of
Suzuki-Miyaura cross-coupling by DFT means,”” including the analysis of the
importance of the coordination number in the active catalyst for which a correct
evaluation of the association/dissociation energies is key.”””*”* We have also

previously analyzed the issue via ab initio molecular dynamics simulations.®

Computational Details

The Gaussian09 package® has been used to run the DFT calculations and the thermal
contributions to the free energy based on the IGRRHO approximation, which is the
default method of the package. The DFT functional PBE-D3 has been used. It
corresponds to the PBE functional® plus the correction for dispersion effects proposed
by Grimme (DFT-D3).”' The 6-31+G** basis set* has been used for all atoms except
for palladium, where the SDD basis set with the associated ECP* has been applied. The
continuum solvent model SMD* has been used to model the toluene solvent. Please
note that up to two toluene molecules have been included explicitly in the calculations
to account for their role as ligand. The species under study present a variety of possible
isomers. The conformational variety was taken into account in two different ways:

taking the lower energy geometries of our previous study,” and taking representative



geometries from the AIMD simulations detailed below. All energies presented are free
energies in solution and in kcal mol™. Frequency calculations were carried out at 1 atm
and 298.15 K. This corresponds to a concentration of the palladium complexes of 4.1
10? M. This concentration is very close to that in the AIMD simulations (see below)
and consequently we did not introduce reference state corrections. The concentration of
the toluene solvent is on the other hand certainly very different. In this case we decided
not to introduce further corrections because the description of solvation energies with
implicit and explicit solvent models is a controversial issue®®* in itself which is outside
the scope of the current work. A data set collection of the computational results for the

IGRRHO calculations is available in the ioChem-BD repository.”

AIMD simulations were performed to study the (Tol)Pd(PPhs) <> (Tol),Pd(PPhs)
equilibrium. The simulation protocol is the same as described in ref 8§1. The model
system included the Pd(PPhs) complex and 1000 toluene molecules. This corresponds to
a concentration of the palladium complexes of 9.4 10° M. A QM/MM intermolecular
potential was employed to reduce the computational cost of the simulation.”” The MM
potential used for toluene was based on the RESP procedure.” Density Functional
Theory (DFT)*,* was used for the QM part, in the form of the PBE-D3% exchange-
correlation functional with a dispersion correction.”' A double-{ plus polarization
(DZVP)* basis set and plane waves (with a cutoff of 300 Ry) were used to expand
valence orbitals and electron density, respectively.” Core electrons were described using
pseudopotentials.”*®” Simulations at constant volume and temperature (300 K) were
performed according to the Born—Oppenheimer approach using the CP2K program
package.'” Umbrella sampling simulations were performed to compute the potential of

mean force (pmf) along the coordinate represented by the coordination number (CN)



between Pd and the center of mass of two toluene molecules.'” CN parameters were

. . 1
defined as in our previous study.®

Initial structures were taken from a previous
unbiased simulation in which the process was observed. The reaction path (from 1.0 to
1.85) was explored using 18 windows spaced by 0.05 units. In each window, the value
of the CN was restrained by a harmonic potential with spring constant 500 kcal mol™
CN 2. 13 ps were simulated for each window, of which the last 10 ps were used for data
analysis. Umbrella integration was used to reconstruct the potential of mean force

(pmf)."” The free energy difference was then approached as the difference between the

pmf of the two systems involved.

Results and Discussion

We have investigated computationally three different processes relevant in palladium-
catalyzed coupling reactions: 1) the coordination of a toluene molecule to the
bis(triphenylphosphine) palladium complex Pd(PPh;), (1) to form the tricoordinated
complex (Tol)Pd(PPhs), (2), i1) the dissociation of one phosphine from complex 2 to
form the linear complex (Tol)Pd(PPh;) (3), and iii) the coordination of a second toluene
molecule to 3 to form the complex (Tol),Pd(PPhs) (4), see Scheme 1. Ab initio
molecular dynamic simulations on the Pd(PPh;), and Pd(PPhs) complexes in presence
of toluene molecules had led to an estimation of the relative free energy for the toluene
coordination of 1.8 + 0.6 kcal mol™ (energy of 2 respect to 1), and for the dissociation
of a phosphine in (Tol)Pd(PPh;), (2) of 17.3 + 0.6 kcal mol”! (energy of 3 respect to
2).*! In the present paper we have determined using the same methodology the relative
free energy of (Tol),Pd(PPh;) (4) with respect to 3. IGRRHO calculations were

performed on the same system at the same level of theory as for the AIMD simulations.
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Scheme 1. Dissociation and association reactions under study.

The free energies of the reactions in Scheme 1 obtained using the standard IGRRHO
methodology are presented in the first row of Table 1. Comparison with potential
energies (see SI) show that association processes have an important energy penalty
coming from the entropic term (-TAS) of about 15-20 kcal mol”. Conversely a similar
amount of free energy is gained in dissociations.

The new AIMD simulation resulted in a value of AG= 0.7 £ 0.5 kcal mol™ for the
coordination of a second toluene molecule to (Tol)Pd(PPhs) (3). The results of the
AIMD simulations are reported in the second row of Table 1, setting complex 1 as the
origin of energies. Comparison of the free energies of the IGRRHO and AIMD
simulations results in a very good agreement between the two methodologies, with a
maximum difference of 2.4 kcal mol™.

The next block in Table 1 (five rows) reports the values obtained upon applying a first
type of modifications of the IGRRHO approach. The first approach considered (third
row in the Table) was used by Sakaki, Takayama, Sumimoto and Sugimoto (STSS) and
consists of completely removing the translational and rotational terms of the entropy
and thermal energy from the free energy leaving only the vibrational entropy as thermal

. 8,9,10
correction, AGyip.

With this simple approach the authors did not intend to get the
free energy value but a range of energies in which the real value should be found. The

real value should be then between AGyi, and AGjgrrio. The reasoning behind this is the

intuitive suppression of movements in solution respect to gas phase mentioned in the



Introduction. A minor variation of this approach was put forward by Tanaka,
Yamashita, Chung and Morokuma (TYCM), where only the translational term was
suppressed (fourth row in Table 1).!” Another approach along the same line, by Deubel
and Lau (DL)" (fifth row in Table 1), proposes to compensate the perceived
overestimation of the free energy correction in solution by using as free energy

1342 plata and

correction one half of the free energy in gas phase with opposite sign.
Singleton (PS)** (sixth row in Table 1), proposed the use of one half of the free energy
correction in gas phase but without changing the sign.******"*® Tobisch (ST)'? (seventh
row in Table 1) proposed the use of two thirds of the gas phase correction upon
comparison with experimental data.'®

The next block in the Table includes treatments which use other tools to estimate the
translational and rotational entropic contributions to the free energy in solution. One of
the proposed models to improve the translational entropy is a variation of the Sackur-
Tetrode equation within the free volume theory. The Sackur-Tetrode equation considers
that the molecules have no volume, an approximation which can stand in gas phase but
not in solution where most of the volume is occupied by the solvent. The Free volume
theory takes into account the molecular volume, defined as the volume enclosed by the
van der Waals surface of the molecule.”® A simplified version of this model was
developed and applied by Okuno.” The model was further developed by Mammen,
Shakhnovich, Deutsch and Whitesides (MSDW). The results of its application are in the
eighth row of Table 1.° Others have proposed similar approaches,” see SI.

A related correction was obtained by Martin, Hay and Pratt (MHP) by modifying the
gas phase standard state (ninth row in Table 1).° MHP propose to correct the gas-phase
entropy with a pressure parameter P = py,,RT. In practice, this represents just adding a

correction factor dependent on the solvent (4.3 and 3.2 kcal mol™ for water and toluene



respectively). With the same idea other authors changed the pressure when setting up
the frequency calculations.®!>%1%%1% The final row in this block (tenth row in Table 1)
corresponds to the proposal by Wertz (DHW).” The idea is to break the solvation
entropies in three steps: i) compression of the gas phase solute from 1 atm to Vi, jig, ii)
entropy lost when going from the gas at its liquid-phase density to liquid
(intermolecular interactions of a dilute solution), and 1iii) expansion of the solute from
Vmiq to the density of the desired solution. This approach was used by Cooper and
Ziegler to obtain an expression of AS=—4.1 —0.20AS,4s cal.mol . K! for toluene.’
The last block in Table 1 has only one row, eleventh, and corresponds to a different
approach. Ribeiro, Marenich, Cramer and Truhlar (RMCT) studied the use of
vibrational frequencies computed and concluded that low-frequency molecular
vibrations (below 100 cm™) calculated under the harmonic oscillator approximation
have systematic errors in the determination of their entropy contribution. To solve this
problem the authors suggested setting all frequencies below 100 cm™ to exactly this
value, so that their contribution to the entropy is not overestimated.'® This strategy was
applied in the study of a rhodium-catalyzed cycloaddition by Li et al.** The authors
found equal results for the rate limiting step of the reaction when applying or not this
correction, and differences from 0 to 4 kcal mol” along the free energy profile. A
slightly more sophisticated approach achieving similar results was also reported by
Grimme,'® see SI. Recently, Paton and Funes-Ardoiz have developed the freely
available GoodVibes script that performs these two corrections automatically from
Gaussian output files."”” It must be remarked that this last type of corrections are not
specifically focused on the treatment of reactions in solution, and follow therefore a
different philosophy. They have been included in this work only for the sake of

completion.
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Table 1. Relative free energies in kcal mol™ for species 1, 2, 3 and 4 for IGRRHO and

AIMD and applying different corrections.

1 2 3 4 o

Pd(PPhs), | (Tol)Pd(PPhs), | (Tol)Pd(PPhs) | (Tol),Pd(PPhs) 3?2?&‘}33
IGRRHO? 0.0 1.6 16.7 21.9 1.6
AIMDP 0.0 1.8 19.1 19.8 0.0
STSS® 0.0 -16.2 18.7 6.3 10.6
TYCM 0.0 -13.2 19.0 8.3 7.5
DL 0.0 -24.6 17.5 2.6 15.0
PS 0.0 -7.2 17.6 15.2 5.0
ST 0.0 -4.3 18.1 17.5 3.1
MSDW 0.0 -2.5 16.7 17.8 2.9
MHP 0.0 -1.6 16.7 18.7 2.3
DHW 0.0 -1.9 16.8 18.5 2.4
RMCT 0.0 -1.3 15.7 20.6 2.5

*Calculations within the Ideal Gas/Rigid Rotor/Harmonic Oscillator (IGRRHO)
approach. "Results from simulation by Ab Initio Molecular Dynamics (AIMD). ¢ These
authors did not intend to estimate the free energy in solution but instead to locate its
possible maximum.® Mean absolute values of the differences between the considered
approach and the AIMD energies.

A detailed description of the corrections considered and of the all results obtained is
included in the Supporting Information. According to the STSS correction, the actual
relative free energy of 2 should be found between 1.6 <> —16.2 kcal mol”, 3 between
16.7 <> 18.7 and 4 between 21.9 « 6.3 kcal mol™". If we take the AIMD free energies as

reference, we can see that the inclusion of the correction to achieve a range of energies
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does not really improve the results. The correction clearly overestimates the solvation
effect. The TYCM correction produces values closer to those of AIMD, but the
overestimation is still clear. Application of the DL approach of reducing the entropy to
the half and changing the sign produces the bigger discrepancies with the AIMD results,
the mean absolute difference reaching 15 kcal mol™. The PS correction, using only 50%
of the gas phase entropy and keeping its sign results in values closer to those given by
the dynamics and the mean of the absolute differences decreases to 5.0 kcal mol”. The
ST approach taking two thirds of the gas phase entropy gives closer results with mean
absolute differences of 3.1 kcal mol™.

The use of approaches based on the Sackur-Tetrode equation give in all cases results
closer to the uncorrected IGRRHO energies. The mean of the absolute differences
between corrected and AIMD values is 2.9, 2.3 and 2.4 kcal mol" respectively for
MSDW, MHP and DHW. Results after the correction cannot be considered more
accurate than prior to its application, when compared to those from AIMD. However,
the small size of the modification associated to this method makes the evaluation of its
quality inconclusive.

The analysis is even more complicated for the RMCT modification associated to low
mode vibrations. It does affect evenly the compounds leading to a mean absolute
difference of 2.5 kcal mol™. It has to be admitted that RMCT and related approaches
based on a special treatment of small frequencies seem on a more solid theoretical
ground, and therefore its validity cannot be discounted from these results.

It should be noted that most of the modifications to the standard IGRRHO approach
discussed above were proposed at a time where the relevance of dispersion corrections
in DFT calculations had not been clearly established yet. We can hypothesize that the

modifications were necessary because of the poor agreement between measured and
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computed free energies, and because these discrepancies were magnified when
dissociation processes were involved. Currently we are using DFT functionals which
have been carefully parameterized to include dispersion. The relative free energies of
the states of the system were recomputed without the dispersion correction to the PBE
functional. Species 2, 3 and 4 are located at 15.4, 16.5 and 31.7 kcal mol” above 1 in
free energy. The value is similar to the PBE-D one for 3, but 13.8 and 9.8 kcal mol™
larger for 2 and 4. If STSS or DL corrections are applied to these non dispersion-
corrected energies, the values become much closer to the AIMD value. One may thus
suspect that some of these corrections would not have been proposed if modern
dispersion-corrected potential energy-derived values had been available.

Conclusions

The free energy corrections emerging from the direct application of popular
computational packages with its usual simplified models based on IGRRHO (harmonic
oscillator, rigid rotor, particle-in-a-box) approaches provides an estimate of the free
energy changes involved in the ligand exchange processes of palladium complexes in
toluene solution that are in reasonable agreement with the free energies emerging from
molecular dynamics AIMD calculations. The introduction of some commonly used
modifications of these corrections does not provide in any case substantial improvement
on the agreement when dispersion-corrected functionals are employed. Removal of
rotational and translational free energies (STSS, TYCM approaches) moves the
computed energies far away from the AIMD values, as happens with the DL approach.
The PS and ST treatments give values closer to AIMD, but this happens also because
the modification is small, at least for the particular processes we studied. Modifications
based on the Sackur-Terode equation and the free volume theory, such as the MSDW,

MHP and DHW approaches provide less conclusive results, as the absolute correction is
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again small. Changes introduced by the RMCT approach are also small, and we
consider that this treatment is more promising because of its theoretical base. We
remark that in no case, the modifications to the IGRRHO treatment improve
significantly its performance. We suggest that part of the errors historically associated
to translational and rotational entropies were in reality product of the lack of dispersion
forces in the calculations. We recommend for the calculation of free energies in solution
the use of dispersion-corrected DFT functionals to achieve accurate potential energies
and the introduction of free energy corrections with the IGRRHO treatments generally
accepted for gas phase processes, with minor corrections based on lower frequency

treatment at most.

ASSOCIATED CONTENT

Supporting Information.

Extended computational details, equations and details of the corrections to the
translational energy presented, Cartesian coordinates and energies of the minima located
in the DFT calculations. (PDF). This material is available free of charge via the Internet

at http://pubs.acs.org

AUTHOR INFORMATION

Corresponding Author

* E-mail: A.L. agusti@klingon.uab.cat, G.U. gregori@klingon.uab.cat and F.M.

fmaseras@iciq.es

Author Contributions

14



The manuscript was written through contributions of all authors. All authors have given

approval to the final version of the manuscript.

Notes

The authors declare no competing financial interest.
ACKNOWLEDGMENT
We thank MINECO (Grants CTQ2014-54071-P, CTQ2017-87889-P and CTQ2017-

87792-R, Severo Ochoa Excellence Accreditation 2014-2018 SEV-2013-0319) and the
CERCA Programme (Generalitat de Catalunya) for financial support.

REFERENCES

' Liu, Z.; Patel, C.; Harvey, J. N.; Sunoj, R. B. Mechanism and Reactivity in the Morita-
Baylis-Hillman Reaction: The Challenge of Accurate Computations. Phys. Chem.
Chem. Phys., 2017, 19, 30647-30657.

2 Wertz, D. H. Relationship Between the Gas-Phase Entropies of Molecules and their
Entropies of Solvation in Water and 1-Octanol. J. Am. Chem. Soc. 1980, 102, 5316-
5322.

* Okuno, Y. Theoretical Investigation of the Mechanism of the Baeyer-Villiger Reaction
in Nonpolar Solvents. Chem.-Eur. J. 1997, 3, 212-218.

* Hermans, J.; Wang, L. Inclusion of Loss of Translational and Rotational Freedom in
Theoretical Estimates of Free Energies of Binding. Application to a Complex of
Benzene and Mutant T4 Lysozyme. J. Am. Chem. Soc. 1997, 119, 2707-2714.

> Mammen, M.; Shakhnovich, E. 1.; Deutsch, J. M.; Whitesides, G. M. Estimating the
Entropic Cost of Self-Assembly of Multiparticle Hydrogen-Bonded Aggregates Based
on the Cyanuric Acid-Melamine Lattice. J. Org. Chem. 1998, 63, 3821-3830.

¢ Martin, R. L.; Hay, P. J.; Pratt, L. R. Hydrolysis of Ferric lon in Water and
Conformational Equilibrium. J. Phys. Chem. A 1998, 102, 3565-3573.

7 Cooper, J.; Ziegler, T. A Density Functional Study of Sn2 Substitution at Square-
Planar Platinum(II) Complexes. Inorg. Chem. 2002, 41, 6614-6622.

¥ Tamura, H.; Yamazaki, H.; Sato, H.; Sakaki, S. Iridium-Catalyzed Borylation of
Benzene with Diboron. Theoretical Elucidation of Catalytic Cycle Including Unusual
Iridium(V) Intermediate. J. Am. Chem. Soc. 2003, 125, 16114-16126.

* Sumimoto, M.; Iwane, N.; Takahama, T.; Sakaki, S. Theoretical Study of Trans-
metalation Process in Palladium-Catalyzed Borylation of lodobenzene with Diboron. J.
Am. Chem. Soc. 2004, 126, 10457-10471.

10 Sakaki, S.; Takayama, T.; Sumimoto, M.; Sugimoto, M. Theoretical Study of the
Cp,Zr-Catalyzed Hydrosilylation of Ethylene. Reaction Mechanism Including New o-
Bond Activation. J. Am. Chem. Soc. 2004, 126, 3332-3348.

" Ardura, D.; Lopez, R.; Sordo, T. L. Relative Gibbs Energies in Solution through
Continuum Models: Effect of the Loss of Translational Degrees of Freedom in

15



Bimolecular Reactions on Gibbs Energy Barriers. J. Phys. Chem. B 2005, 109, 23618-
23623.

> Tobisch, S. Organolanthanide-Mediated Ring-Opening Ziegler Polymerization
(ROZP) of Methylenecycloalkanes: A Theoretical Mechanistic Investigation of
Alternative Mechanisms for Chain Initiation of the Samarocene-Promoted ROZP of 2-
Phenyl-1-methylenecyclopropane. Chem.-Eur. J. 2005, 11, 3113-3126.

B Lau, J. K. C.; Deubel, D. V. Hydrolysis of the Anticancer Drug Cisplatin: Pitfalls in
the Interpretation of Quantum Chemical Calculations. J. Chem. Theory Comput. 2006,
2, 103-106.

“ Deubel, D. V.; Lau, J. K. C. In Silico Evolution of Substrate Selectivity: Comparison
of Organometallic Ruthenium Complexes with the Anticancer Drug Cisplatin. Chem.
Commun. 2006, 2451-2453.

¥ Sieffert, N.; Buhl, M. Hydrogen Generation from Alcohols Catalyzed by
Ruthenium—Triphenylphosphine Complexes: Multiple Reaction Pathways. J. Am.
Chem. Soc. 2010, 132, 8056-8070.

¢ Ribeiro, R. F. M., A. V.; Cramer, C. J.; Truhlar, D. G. Use of Solution-Phase
Vibrational Frequencies in Continuum Models for the Free Energy of Solvation. J.
Phys. Chem. B 2011, 115, 14556-14562.

" Tanaka, R.; Yamashita, M.; Chung, L. W.; Morokuma, K.; Nozaki, K. Mechanistic
Studies on the Reversible Hydrogenation of Carbon Dioxide Catalyzed by an Ir-PNP
Complex. Organometallics 2011, 30, 6742-6750.

" Grimme, S., Supramolecular Binding Thermodynamics by Dispersion-Corrected
Density Functional Theory. Chem. Eur. J. 2012, 18, 9955-9964.

1% Strajbl, M.; Sham, Y. Y.; Villa, J.; Chu, Z. T.; Warshel, A. Calculations of Activation
Entropies of Chemical Reactions in Solution. J. Phys. Chem. B 2000, 104, 4578-4584.

% Njegic, B.; Gordon, M. S. Exploring the Effect of Anharmonicity of Molecular
Vibrations on. Thermodynamic Properties. J. Chem. Phys. 2006, 125, 224102.

' Njegic, B.; Gordon, M. S. Predicting Accurate Vibrational Frequencies for Highly
Anharmonic Systems. J. Chem. Phys. 2008, 129, 164107.

2 De Moor, B. A.; Reyniers, M. F.; Marin, G. B. Physisorption and Chemisorption of
Alkanes and Alkenes in H-FAU: A Combined Ab Initio—Statistical Thermodynamics
Study Phys. Chem. Chem. Phys. 2009, 11, 2939-2958.

» Sieffert, N.; Buhl, M. Hydrogen Generation from Alcohols Catalyzed by
Ruthenium—Triphenylphosphine Complexes: Multiple Reaction Pathways. J. Am.
Chem. Soc. 2010, 132, 8056-8070.

* De Moor, B. A.; Ghysels, A.; Reyniers, M. F.; Van Speybroeck, V.; Waroquier, M.;
Marin, G. B. Normal Mode Analysis in Zeolites: Toward an Efficient Calculation of
Adsorption Entropies. J. Chem. Theory Comput. 2011, 7, 1090-1101.

» Piccini, G.; Sauer, J. Effect of Anharmonicity on Adsorption Thermodynamics. J.
Chem. Theory Comput. 2014, 10, 2479-2487.

* Frank, H. S. Free Volume and Entropy in Condensed Systems I. General Principles.
Fluctuation Entropy and Free Colume in Some Monoatomic Crystals. J. Chem. Phys.
1945, 13, 478-492.

77 Pierotti, R. A. A Scaled Particle Theory of Aqueous and Nonaqueous Solutions.
Chem. Rev. 1976, 76, 717-726.

* Abraham, M. H. Relationship between Solution Entropies and Gas Phase Entropies of
Nonelectrolytes. J. Am. Chem. Soc. 1981, 103, 6742-6744.

» Amzel, L. M. Loss of Translational Entropy in Binding, Folding, and Catalysis.
Proteins 1997, 28, 144-149.

16



' Yu, Z. X.; Houk, K. N. Intramolecular 1,3-Dipolar Ene Reactions of Nitrile Oxides
Occur by Stepwise 1,1-Cycloaddition/Retro-Ene Mechanisms. J. Am. Chem. Soc. 2003,
125, 13825-13830.

' Liang, Y.; Liu, S.; Xia, Y.; Li, Y.; Yu, Z.-X. Mechanism, Regioselectivity, and the
Kinetics of Phosphine-Catalyzed [3+2] Cycloaddition Reactions of Allenoates and
Electron-Deficient Alkenes. Chem.-Eur. J. 2008, 14, 4361-4373.

# Plata, R. E.; Singleton, D. A. A Case Study of the Mechanism of Alcohol-Mediated
Morita Baylis—Hillman Reactions. The Importance of Experimental Observations. J.
Am. Chem. Soc. 2015, 137, 3811-3826.

#* Hatanaka, M.; Morokuma, K. Role of Water in Mukaiyama—Aldol Reaction Catalyzed
by Lanthanide Lewis Acid: A Computational Study. J. Am. Chem. Soc. 2013, 135,
13972-13979.

3 Jackson, K.; Jaffar, S. K.; Paton, R. S. Computational Organic Chemistry. In Annual
Reports on the Progress of Chemistry, Section B: Organic Chemistry, Vol 109,
Cunningham, I., Ed. 2013; Vol. 109, pp 235-255.

» Jensen, J. H. Predicting Accurate Absolute Binding Energies in Aqueous Solution:
Thermodynamic Considerations for Electronic Structure Methods. Phys. Chem. Chem.
Phys. 2015, 17, 12441-12451.

% Ho, J. M.; Ertem, M. Z. Calculating Free Energy Changes in Continuum Solvation
Models. J. Phys. Chem. B 2016, 120, 1319-1329.

7 Proppe, J.; Husch, T.; Simm, G. N.; Reiher, M. Uncertainty Quantification for
Quantum Chemical Models of Complex Reaction Networks. Faraday Discuss. 2016,
195, 497-520.

% Perez-Torrente, J. J.; Nguyen, D. H.; Jimenez, M. V.; Modrego, F. J.; Puerta-Oteo, R.;
Gomez-Bautista, D.; Iglesias, M.; Oro, L. A. Hydrosilylation of Terminal Alkynes
Catalyzed by a ONO-Pincer Iridium(IIT) Hydride Compound: Mechanistic Insights into
the Hydrosilylation and Dehydrogenative Silylation Catalysis. Organometallics 2016,
35, 2410-2422.

¥ Jiang, J. L.; Zhang, Z. Q.; Fu, Y. Theoretical Investigation on the ClBcat-Promoted
Synthesis of Heterocyclic Boronic Esters. Asian J. Org. Chem. 2016, 6, 282-289.

“ Mondal, T.; De, S.; Maity, B.; Koley, D. Exploring the Oxidative-Addition Pathways
of Phenyl Chloride in the Presence of PdIl Abnormal N-Heterocyclic Carbene
Complexes: A DFT Study. Chem.-Eur. J. 2016, 22, 15778-15790.

“ Braga, A. A. C.; Ujaque, G.; Maseras, F. A DFT Study of the Full Catalytic Cycle of
the Suzuki—Miyaura Cross-Coupling on a Model System. Organometallics 2006, 25,
3647-3658.

“ Deubel, D. V. Mechanism and Control of Rare Tautomer Trapping at a Metal-Metal
Bond: Adenine Binding to Dirhodium Antitumor Agents. J. Am. Chem. Soc. 2008, 130,
665-675.

“ L1, X. X.; Song, W. Z.; Ke, X. N.; Xu, X. F.; Liu, P.; Houk, K. N.; Zhao, X. L.; Tang,
W. P. Rhodium-Catalyzed Intramolecular [5+2] Cycloaddition of Inverted 3-Acyloxy-
1,4-enyne and Alkyne: Experimental and Theoretical Studies. Chem.-Eur. J. 2016, 22,
7079-7083.

“ Robiette, R.; Aggarwal, V. K., Harvey, J. N. Mechanism of the
Morita—Baylis—Hillman Reaction: A Computational Investigation. J. Am. Chem. Soc.
2007, 129, 15513-15525.

“ Huang, F.; Lu, G.; Zhao, L. L.; Li, H. X.; Wang, Z. X. The Catalytic Role of N-
Heterocyclic Carbene in a Metal-Free Conversion of Carbon Dioxide into Methanol: A
Computational Mechanism Study. J. Am. Chem. Soc. 2010, 132, 12388-12396.

17



“ Kua, J.; Krizner, H. E.; De Haan, D. O. Thermodynamics and Kinetics of Imidazole
Formation from Glyoxal, Methylamine, and Formaldehyde: A Computational Study. J.
Phys. Chem. A 2011, 115, 1667-1675.

“ Li, H. X.; Lu, G.; Jiang, J. L.; Huang, F.; Wang, Z. X. Computational Mechanistic
Study on Cp*Ir Complex-Mediated Acceptorless Alcohol Dehydrogenation:
Bifunctional Hydrogen Transfer vs f-H Elimination. Organometallics 2011, 30, 2349-
2363.

“% Zhao, L. L.; Wen, M. W.; Wang, Z. X. Reaction Mechanism of Phosphane-Catalyzed
[4+2] Annulations between a-Alkylallenoates and Activated Alkenes: A Computational
Study. Eur. J. Org. Chem. 2012, 3587-3597.

“ Liu, Q.; Lan, Y.; Liu, J.; Li, G.; Wu, Y.-D.; Lei, A. Revealing a Second
Transmetalation Step in the Negishi Coupling and Its Competition with Reductive
Elimination: Improvement in the Interpretation of the Mechanism of Biaryl Syntheses.
J. Am. Chem. Soc. 2009, 131, 10201-10210.

% Solans-Monfort, X.; Pleixats, R.; Sodupe, M. DFT Mechanistic Study on Diene
Metathesis Catalyzed by Ru-Based Grubbs—Hoveyda-Type Carbenes: The Key Role of
n-Electron Density Delocalization in the Hoveyda Ligand. Chem.-Eur. J. 2010, 16,
7331-7343.

' Ariafard, A.; Brookes, N. J.; Stranger, R.; Yates, B. F. DFT Study on the Mechanism
of the Activation and Cleavage of CO, by (NHC)CuEPh; (E = Si, Ge, Sn).
Organometallics 2011, 30, 1340-1349.

2 Kua, J.; Krizner, H. E.; De Haan, D. O. Thermodynamics and Kinetics of Imidazole
Formation from Glyoxal, Methylamine, and Formaldehyde: A Computational Study. J.
Phys. Chem. A, 2011, 115, 1667-1675.

% Wang, M.; Fan, T.; Lin, Z. DFT Studies on Copper-Catalyzed Arylation of Aromatic
C-H Bonds. Organometallics 2012, 31, 560-569.

** Dieckmann, A.; Houk, K. N. Analysis of Supramolecular Complex Energetics in
Artificial Replicators Chem. Sci. 2013, 4, 3591-3600.

» Jindal, G.; Sunoj, R. B. Importance of Ligand Exchanges in Pd(II)-Brensted Acid
Cooperative Catalytic Approach to Spirocyclic Rings J. Am. Chem. Soc. 2014, 136,
15998-16008.

* Poater, A.; Pump, E.; Vummaleti, S. V. C.; Cavallo, L. The Right Computational
Recipe for Olefin Metathesis with Ru-Based Catalysts: The Whole Mechanism of Ring-
Closing Olefin Metathesis. J. Chem. Theory Comput. 2014, 10, 4442-4448.

7 Jones, G. O.; Chang, Y. A.; Horn, H. W.; Acharya, A. K.; Rice, J. E.; Hedrick, J. L.;
Waymouth, R. M. N-Heterocyclic Carbene-Catalyzed Ring Opening Polymerization of
e-Caprolactone with and without Alcohol Initiators: Insights from Theory and
Experiment. J. Phys. Chem. B 2015, 119, 5728-5737.

*® Lyngvi, E.; Sanhueza, 1. A.; Schoenebeck, F. Dispersion Makes the Difference:
Bisligated Transition States Found for the Oxidative Addition of Pd(PtBus), to Ar-
OSO,R  and Dispersion-Controlled  Chemoselectivity in  Reactions  with
Pd[P(iPr)(tBu2)]2. Organometallics 2015, 34, 805-812.

* Myllys, N.; Elm, J.; Kurtén, T. Density Functional Theory Basis Set Convergence of
Sulfuric Acid-Containing Molecular Clusters. Comp. Theor. Chem. 2016, 1098, 1-12.

% Hessevik, J.; Lalrempuia, R.; Nsiri, H.; Tornroos, K. W.; Jensen, V. R.; Le Roux, E.
Sterically (Un)Encumbered mer-Tridentate N-Heterocyclic Carbene Complexes of
Titanium(IV) for the Copolymerization of Cyclohexene Oxide with CO,. Dalton Trans.
2016, 45, 14734-14744.

18



' John, M.; Alexopoulos, K.; Reyniers, M. F.; Marin, G. B. First-Principles Kinetic
Study on the Effect of the Zeolite Framework on 1-Butanol Dehydration. ACS Catal.
2016, 6, 4081-4094.

© Smit, W.; Koudriavtsev, V.; Occhipinti, G.; Tornroos, K. W.; Jensen, V. R.
Phosphine-Based Z-Selective Ruthenium Olefin Metathesis Catalysts. Organometallics
2016, 35, 1825-1837.

% Deb, A.; Hazra, A.; Peng, Q.; Paton, R. S.; Maiti, D. Detailed Mechanistic Studies on
Palladium-Catalyzed Selective C-H Olefination with Aliphatic Alkenes: A Significant
Influence of Proton Shuttling. J. Am. Chem. Soc. 2017, 139, 763-775.

* Grayson, M. N. Mechanism and Origins of Stereoselectivity in the Cinchona
Thiourea- and Squaramide-Catalyzed Asymmetric Michael Addition of Nitroalkanes to
Enones. J. Org. Chem. 2017, 82, 4396-4401.

% Simoén, L.; Paton, R. S. Phosphazene Catalyzed Addition to Electron-Deficient
Alkynes: The Importance of Nonlinear Allenyl Intermediates upon Stereoselectivity. J.
Org. Chem. 2017, 82, 3855-3863.

% Leung, B. O.; Reid, D. L.; Armstrong, D. A.; Rauk, A. Entropies in Solution from
Entropies in the Gas Phase. J. Phys. Chem. A 2004, 108, 2720-2725.

“ Dub, P. A.; Poli, R. A Computational Study of Solution Equilibria of Platinum-based
Ethylene Hydroamination Catalytic Species Including Solvation and Counterion
Effects: Proper Treatment of the Free Energy of Solvation. J. Mol. Catal. A-Chem.
2010, 324, 89-96.

% McMullin, C. L.; Jover, J.; Harvey, J. N.; Fey, N. Accurate Modelling of Pd(0) + PhX
Oxidative Addition Kinetics. Dalton Trans. 2010, 39, 10833-10836.

® Grimme, S. Accurate Description of van der Waals Complexes by Density Functional
Theory Including Empirical Corrections. J. Comput. Chem. 2004, 25, 1463-1473.

* Grimme, S. Semiempirical GGA-Type Density Functional Constructed with a Long-
Range Dispersion Correction. J. Comput. Chem. 2006, 27, 1787-1799.

' Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio
Parametrization of Density Functional Dispersion Dorrection (DFT-D) for the 94
Elements H-Pu. J. Chem. Phys. 2010, 132, 154104.

” Marx, D; Hutter, J. Ab Initio Molecular Dynamics. Basic Theory and Advanced
Methods, Cambridge University Press: Cambridge, U.K., 2009.

7 Vidossich, P.; Lledos, A.; Ujaque, G. First-Principles Molecular Dynamics Studies of
Organometallic Complexes and Homogeneous Catalytic Processes. Acc.Chem. Res.
2016, 49, 1271-1278

™ Vidossich, P.; Lledos, A.; Ujaque, G. Realistic Simulation of Organometallic
Reactivity in Solution by Means of First-Principles Molecular Dynamics. In
Computational Studies in Organometallic Chemistry. Macgregor, SA; Eisenstein, O
Struct. Bonding, 2016, 167, 81-106.

7 Stirling, A.; Nair, N.N.; Lledos, A.; Ujaque, G. Challenges in Modelling
Homogeneous Catalysis: New answers from Ab Initio Molecular Dynamics to the
Controversy over the Wacker Process. Chem. Soc. Rev. 2014, 43, 4940-4952.

s Garcia-Melchor, M.; Braga, A. A. C.; Lledos, A.; Ujaque, G.; Maseras, F.
Computational Perspective on Pd-Catalyzed C-C Cross-Coupling Reaction
Mechanisms. Acc. Chem. Res. 2013, 46, 2626-2634.

7 Mollar, C.; Besora, M.; Maseras, F.; Asensio, G.; Medio-Simon, M. Competitive and
Selective Csp’-Br versus Csp’-Br Bond Activation in Palladium-Catalysed Suzuki
Cross-Coupling: An Experimental and Theoretical Study of the Role of Phosphine
Ligands. Chem.-Eur. J. 2010, 16, 13390-13397.

19



8 Besora, M.; Gourlaouen, C.; Yates, B.; Maseras, F. Phosphine and Solvent Effects on
Oxidative Addition of CH3Br to Pd(PR3) and Pd(PR3), Complexes. Dalton Trans. 2011,
40, 11089-11094.

" Vikse, K.; Naka, T.; MclIndoe, J. S.; Besora, M.; Maseras, F. Oxidative Additions of
Aryl Halides to Palladium Proceed through the Monoligated Complex. ChemCatChem
2013, 5, 3604-3609.

% del Pozo, J.;Pérez-Iglesias, M.;Alvarez, R.;Lledés, A.; Casares, J. A.; Espinet, P.
Speciation of ZnMe2, ZnMeCl, and ZnCI2 in Tetrahydrofuran (THF), and Its Influence
on Mechanism Calculations of Catalytic Processes. ACS Catal. 2017, 7, 3575—3583.

8 Vidossich, P.; Ujaque, G.; Lledos, A. Palladium Monophosphine Pd(PPhs): Is It
Really Accessible in Solution? Chem. Commun. 2014, 50, 661-663.

8 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A_;
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; et al.
Gaussian 09, Gaussian, Inc.: Wallingford, CT, USA, 2009.

¥ Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made
Simple. Phys. Rev. Lett. 1996, 77, 3865-3868.

% Hehre, W. J.; Ditchfie.R; Pople, J. A. Self—Consistent Molecular Orbital Methods.
XII. Further Extensions of Gaussian—Type Basis Sets for Use in Molecular Orbital
Studies of Organic Molecules. J. Chem. Phys. 1972, 56, 2257-2261.

% Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; Preuss, H. Energy-Adjusted Ab
Initio Pseudopotentials for the Second and Third Row Transition Elements. Theor.
Chim. Acta 1990, 77, 123-141.

8 Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal Solvation Model based on
Solute Electron Density and on a Continuum Model of the Solvent Defined by the Bulk
Diclectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378-
6396.

7 Besora, M.; Braga, A. A. C.; Ujaque, G.; Maseras, F.; Lledos, A. The Importance of
Conformational Search: A Test Case on the Catalytic Cycle of the Suzuki-Miyaura
Cross-Coupling. Theor. Chem. Acc. 2011, 128, 639-646.

% Kelly, C. P.; Cramer, C. J.; Truhlar, D. G. Aqueous Solvation Free Energies of Ions
and lIon-Water Clusters Based on an Accurate Value for the Absolute Aqueous
Solvation Free Energy of the Proton. J. Phys. Chem. B 2006, 110, 16066-16081.

¥ Bryantsev, V. S.; Diallo, M. S.; Goddard, W. A. III Calculation of Solvation Free
Energies of Charged Soluted Using Mixed Cluster/Continuum Models. J. Phys. Chem.
B 2008, 112, 9709-9719.

% Alvarez-Moreno, M.; de Graaf, C.; Lopez, N.; Maseras, F.; Poblet, J. M.; Bo, C.
Managing the Computational Chemistry Big Data Problem: The ioChem-BD Platform.
J. Chem. Inf. Model. 2015, 55, 95-103.

' Laino, T.; Mohamed, F.; Laio, A.; Parrinello, M. An Efficient Real Space Multigrid
QM/MM Electrostatic Coupling. J. Chem. Theory Comput. 2005, 1, 1176-1184.

2 Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. A Well-Behaved
Electrostatic Potential Based Method Using Charge Restraints for Deriving Atomic
Charges: The RESP Model. J. Phys. Chem. 1993, 97, 10269-10280.

% Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. B 1964, 136,
B864-B&71.

% Kohn, W.; Sham, L. J. Self-Consistent Equations Including Exchange and Correlation
Effects. Phys. Rev. 1965, 140, A1133-A1138.

% VandeVondele, J.; Hutter, J. Gaussian Basis Sets for Accurate Calculations on
Molecular Systems in Gas and Condensed Phases. J. Chem. Phys. 2007, 127, 114105.

20



% Lippert, G.; Hutter, J.; Parrinello, M. A Hybrid Gaussian and Plane Wave Density
Functional Scheme. Mol. Phys. 1997, 92, 477-487.

7 Goedecker, S.; Teter, M.; Hutter, J. Separable Dual-Space Gaussian Pseudopotentials.
Phys. Rev. B, 1996, 54, 1703-1710.

% Hartwigsen, C.; Goedecker, S.; Hutter, J. Relativistic Separable Dual-Space Gaussian
Pseudopotentials from H to Rn. Phys. Rev. B, 1998, 58, 3641-3662.

» Krack, M. Pseudopotentials for H to Kr Optimized for Gradient-Corrected Exchange-
Correlation Functional. Theor. Chem. Acc. 2005, 114, 145-152.

' VandeVondele, J.; Krack, M.; Mohamed, F.; Parrinello, M.; Chassaing, T.; Hutter, J.
Quickstep: Fast and Accurate Density Functional Calculations Using a Mixed Gaussian
and Plane Waves Approach. Comput. Phys. Commun. 2005, 167, 103-128.

' Tannuzzi, M.; Laio, A.; Parrinello, M. Efficient Exploration of Reactive Potential
Energy Surfaces Using Car-Parrinello Molecular Dynamics. Phys. Rev. Lett. 2003, 90,
238302.

12 Kastner, J.; Thiel, W. Bridging the Gap between Thermodynamic Integration and
Umbrella Sampling Provides a Novel Analysis Method: "Umbrella Integration". J.
Chem. Phys. 2005, 123, 144104.

% Di Tommaso, S.; Tognetti, V.; Sicilia, E.; Adamo, C.; Russo, N. Computational
Study of Alkynes Insertion into Metal-Hydride Bonds Catalyzed by Bimetallic
Complexes. Inorg. Chem. 2010, 49, 9875-9883.

1% Gusev, D. G.; Ozerov, O. V. Calculated Hydride and Fluoride Affinities of a Series
of Carbenium and Silylium Cations in the Gas Phase and in C¢HsCl Solution. Chem.-
Eur. J. 2011, 17, 634-640.

%5 Schultz, K. M.; Goldberg, K. I.; Gusev, D. G.; Heinekey, D. M. Synthesis, Structure,
and Reactivity of Iridium NHC Pincer Complexes. Organometallics 2011, 30, 1429-
1437.

1% Garcia-Melchor, M.; Pacheco, M. C.; Najera, C.; Lledos, A.; Ujaque, G. Mechanistic
Exploration of the Pd-Catalyzed Copper-Free Sonogashira Reaction. ACS Catal. 2012,
2, 135-144.

7 Funes-Ardoiz, 1.; Paton, R. GoodVibes v1.0.1, Zenodo 10.5281/zenodo.56091., 2016.

21



TOC GRAPHIC

22



