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1 Abstract

The direct nucleophilic substitution of alcohols has long piqued the interest of chemists, despite
itsinherent challenges. The Lundberg research group has achieved breakthroughs in this research
field by unveiling a water-tolerant zirconocene triflate catalyst that effectively promotes this
reaction. Nevertheless, the precise mechanism governing this reaction has remained elusive,
prompting this computational investigation. Density functional theory and coupled cluster-based
methods were employed to investigate the catalytic system. The results indicate that the catalyst
does not follow either an Sy1 or Sy2-like pathways, which have been observed in similar systems
documented in the literature. Furthermore, the mechanistic pathway involving the replacement
of a hydroxy group with a triflate moiety followed by an attack from another alcohol was found
to be unlikely as well. In contrast, the study underlines triflic acid’s ability to serve as a catalyst
for the described etherification reaction. Consequently, this computational inquiry endorses a
mechanism that centers around the hydrolysis of the complex, resulting in the formation of triflic
acid, which then acts as the actual catalyst for the reaction.

2 Zusammenfassung (German Version of Abstract)

Die direkte nucleophile Substitution von Alkoholen stellt bis heute eine herausfordernde Auf-
gabe flir Chemiker dar. Nichtsdestotrotz konnte die Arbeitsgruppe um Helena Lundberg nen-
nenswerte Fortschritte auf diesem Gebiet erzielen. Diese war in der Lage einen wassertoler-
anten Zirkonocentriflat-Katalysator zu verwenden, um Alkohole direkte nucleophile zu substitu-
ieren. Der Mechanismus, der experimentell noch nicht aufgeklart werden konnte, wurde im Fol-
genden theoretisch untersuchen. Dazu wurden auf Dichtefunktionaltheorie und Coupled Cluster
basierende Methoden verwendet, um das katalytische System zu modellieren. Diese Untersuchun-
gen, konnten zeigen, dass der Katalysator vermutlich weder einer Sy1- noch einer Sy2-ahnlichen
Reaktion folgt, wie sie in der Literatur fiir ahnlichen Systemen beobachtet wurdet. AuRerdem kon-
nte festgestellt werden, dass die Substitution der Hydroxy-gruppe durch ein Triflat Funktionalitat,
durch den Zirconiumkomplex energetisch unattraktiv zu sein scheint. Dagegen unterstreicht die
Studie die Fahigkeit von Triflinsaure als Katalysator fiir die beschriebene Veretherungsreaktion zu
dienen. Was vermuten lasst, dass Zirkonocentriflat hydrolysiert wird und Triflinsaure als aktive
Katalysatorspezies freisetzt.
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3 List of Abbreviations and Symbols

A Angstrgm

AGs73 Gibbs free energy at 373K

° degree

°C Degree Celsius

I transition state

B3LYP the hybrid density functional including Becke’s three-parameter exchange
functional and Lee-Yang-Parr’s correlation functional

B97 Becke’s 1997 hybrid density functional

BnOH benzylalcohol

BTF trifluorotoluene

cal calorie

CcC coupled cluster

CCD coupled cluster with double excitations

CCsD coupled cluster with single and double excitations

CCSD(T) coupled cluster with single, double and perturbative triples excitations

Cp cyclopentadiene

CPCM conductor-like polarizable continuum model

D2 second version of Stefan Grimme’s dispersion correction

D3 third version of Stefan Grimme’s dispersion correction

def2-SVP Basis sets of Ahlrichs and coworkers with split valence polarization

def2-SVPD Basis sets of Ahlrichs and coworkers with split valence polarization with diffuse
functions

def2-TZvP Basis sets of Ahlrichs and coworkers with valence triple-zeta polarization

DFT density functional theory

DLPNO domain-based local pair natural orbital

E energy

Eiot total energy

Ene mean field energy

Edisp dispersion energy

f Fock operator

GFN-FF non-covalent interactions force field

GGA generalized gradient approximation

H Hermitian operator

HF Hartree-Fock

J Joule

K Kelvin

KS Kohn-Sham
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MC
MD
mGGA
MM
mol
MP
MP2
NBO
Nu
OMs
oTf
PBEO
PES
PhEtOH
r

SD

SIE
SMD

liter

transition metal

Monte Carlo

molecular dynamics

meta generalized gradient approximation
molecular mechanics

mole

Mgller-Plesset

second order Mgller-Plesset

natural bond orbital

nucleophile

mesylates

triflate

hybrid functional of Perdew, Burke and Ernzerhof
potential energy surface
2-phenylethanol

radius

Slater determinant

self interaction error

solvent model density

single point

excitation operator

tetrahydrofuran

Kohn-Sham kinetic energy

transition state

exchnage correlation energy functional
nuclear charge

variable

density

wavefunction

range-separated version of Becke’s 97 functional with additional dispersion

correction
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4 Introduction

The pursuit of discovering novel transformations or enhancing existing ones has always been a
central focus for synthetic chemists. As the need for environmentally friendly solutions becomes
increasingly urgent due to worldwide problems, such as climate change, the discovery of new sus-
tainable reactions has taken on even greater importance. Highlighted by the ACS Green Chem-
istry Institute Pharmaceutical Roundtable as a chemical transformation that would benefit from
improvements in process greenness is the direct substitution of alcohols.[1] In this challenging re-
action, the displacement of a hydroxyl group is carried out, resulting in the generation of water as
the sole by-product. Owning to the inherent thermodynamic and kinetic barriers, the substitution
of hydroxyl groups is typically accomplished indirectly by converting the alcohol into a suitable
leaving group, such as a halide or a sulfonate ester (see Figure 1 a), followed by substitution of the
leaving group with a nucleophile (Nu’). In general, the activation towards an Sy2 type displace-
ment in this reaction is typically unfavourable due to the involvement of additional reaction steps
and its negative impact on atom economy.[2] Besides the substitution of the alcohol with a good
leaving group, various catalytic strategies have been employed to substitute hydroxyl moiety. A
catalyst-based strategy for hydroxyl group displacement centers around the concept of borrowing
hydrogen, frequently necessitating the presence of a transition metal (M) (see Figure 1 b).[3] In this
transformation, an alcohol (1) undergoes dehydrogenation, leading to the formation of an alde-
hyde or ketone (2). This intermediate is then subsequently condensed with an amine (3)[4] or, in
more recent applications, with carbon nucleophiles.[5] Following this, the unsaturated product (4)
is subjected to reduction using the previously formed catalyst’s hydride leading to (5). Methodolo-
gies for an Sy1 reaction pathway are diverse, with numerous examples of both Brgnsted and Lewis
acids serving as catalysts (see Figure 1 ¢). Common species of Lewis acids are bivalent, or trivalent
metal triflates (OTF).[6, 7, 8] Moreover, exploration of group IV metal analogues has been relatively
rare.[9] The research group of Lundberg has made significant strides by demonstrating that the
commercially available ZrCp,OTf,-THF can also serve as a catalyst in this transformation. Notably,
this complex exhibits moisture tolerance, setting it apart from most other Lewis acids, and can be
handled without requiring any water removal techniques. Even more surprisingly, the zirconium
complexisonly able to catalyze the reaction when water is present in the reaction mixture (see Fig-
ure 1d).[10] Moreover, the group of Lundberg successfully utilized this catalyst to convert biomass,
namely the monomers of lignin, into potential precursors for bioplastic or thermosets.[11]
Nonetheless, despite experimental efforts to investigate, the exact reaction mechanism using
(ZrCp,OTf,-THF) as a catalytic species remains unknown. Hence, the objective of this master’s
thesis is to elucidate the mechanism of the reaction through a computational approach, aiming
to address the numerous unanswered questions surrounding this intriguing catalytic system. Es-
pecially the unique role of the OTf ligands and role of water during the reaction is investigated.
Notably, ZrCp,Cl,, shows no reactivity towards the alcohols,[10] highlighting the crucial influence
of OTf in the catalytic process.
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a Nucleophilic substitution reactions of alcohols by pre-activation

Nu
R-OH » R-X » R-Nu
Introducing SN2 displacement
leaving group

X =Cl, Br, |, Tosyl, OMs, ...

b Transition-metal-catalyzed borrowing hydrogen reaction

R1
R' 2
RZJ\
1 OH O)\Rz
[M] H,N-R3
R3 3
RL(N‘H
5 R? [MH,]
R3
N>\’R2
4 R! H0

¢ Bransted and Lewis acid catalyzed formation of carbocation

Bronsted or

R’ Lewis acid R’ Nu~
—OH > @ > R-Nu
R? R?

d Zirconocene catalyzed transformation studied by Lundberg

=>

1 zr. . THF 1
R ] R
+ 2R—OH - » + H0
Ph)\OH 100 °C Ph)\O’R

non-dry conditions,
no water scavenging

Figure 1: a Nucleophilic substitution reactions of alcohols by pre-activation; b Transition metal (M)
catalyst borrowing hydrogen reaction; ¢ Direct catalytic substitutions via Sy1 mechanism; d Recent
discoveries by Lundberg and coworkers.[10]
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5 Theoretical background

5.1 Hartree-Fock

For many years, traditional wave function based approaches have been the method of choice when
performing electronic structure calculations on chemical systems. The most elemental one is the
Hartree-Fock (HF) method from the late 1920s.[12] An N electron wave function ¥, subject to the
HF theory and the Pauli principle can be mathematically represented by a Slater determinant (SD)
(Equation 1).

xi(1)  xe(@) - xw(@)
Vs (21, 7oy -, Tw) = \/% x1(z2) X2(.372) XNFZ’Q) (1)
xi(zy) xe(rn) -+ xw(on)

The spin-orbitals (y) in the SD can then be variationally optimized to give the SD with the low-
est expected value of energy. The final equations for the optimized spin-orbitals suggest that the
approximating of the N-electron wave function by a single SD has lead to the picture that each elec-
tron "feels" the mean field of other electrons in the molecule, instead of directly interacting with
each of them. This is why the HF method is usually leading to poor results since effects of electron
correlation is neglected. However, electron correlation can be addressed using so-called post-HF
methods.[13]

5.2 Moller-Plesset perturbation theory

An early attempt by Christian Mgller and Milton S. Plesset to account for electron correlation effects
by means of Rayleigh-Schrodinger perturbation theory (RSPT) within the wave function dates back
to 1934.[14]. The basic idea of RSPT is to partition the Hamiltonian (H) into an unperturbed Hamil-
tonian (H°) (also called reference) and a perturbed Hamiltonian (H) (see Equation 2). \is used

as a dummy parameter to track the correction order and is in the end set to 1.
H=H"+ )\ (2)

The energy and wave function of the system can be expressed as shown below (for the energy, see
Equation 3, and for the wave function, refer to Equation 4). Here, E° and ¥° represent the eigen-
value and eigenfunction of H,, while E™ and " denote the n-th order perturbation corrections
to the energy and the wave function. These correction formulas are obtained by substituting the
perturbative forms of H, F, and U into the Schrodinger equation.

Eezact = EO + )\1E1 + )\QEQ -+ )\3E3 4+ ... (3)
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U =Wy + AU, + 220y + Ny - (4)

In Mgller-Plesset perturbation theory, () is the sum of Fock operators (see Equation 5) and (HY)
the difference between (H) and (H°) (see Equation 6).

N

H =" f'(i) (5)
=1

H' = - A° (6)

MPn energies and wave functions correspond to RSPT energies and wave functions up to the n-th
order. For example, the MP2 energy is the sum of zeroth, first, and second-order perturbations en-
ergies. It’s worth noting that MP1 is an identical method to the HF method, which implies that only
MP2 or higher orders of perturbations are considered more accurate than HF. This is because they
incorporate electronic correlation, progressively improving the accuracy of energy representations
in accordance with the order of perturbation. [15, 16]

5.3 Coupled-cluster methods

A commonly used post-Hartree-Fock method is the coupled cluster (CC) approach. CCtheoryrelies
on a generalized wave function expressed as a combination of SDs. However, the method allows
to include all correlations of a given type to infinite order, by applying the excitation T operator.
The number of electrons is represented by n (see Equation 7).

~

T:T17T27T37"'7Tn (7)

The general expression for a wavefunction, where ¥, is HF wave function and N is the number of
electrons, according to the CC approach is shown in Equation 8.

@CC:N6T<1+T+T72+%3+--->\IJO (8)
The CC method is computationally demanding, and its cost grows rapidly with the size of the sys-
tem and the level of excitation included. Therefore, truncation of the order of expansion is needed.
Since including only the Ty would not give any improvement over HF, the lowest level of approx-
imation is 7' = 75 (CCD). Since both CCSD and CCD scale with the factor same factor in the limit
of a large basis set, CCSD is usually preferred over CCD. Furthermore, the CCSD method can be
expanded to a Taylor series due to its exponential ansatz, yielding Equation 9.

R ) T2 o T2 T3
Weesp = N 1+T1+T2+71+T1T2+72+€1+--- T, (9)
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As one can see from Equation 9, CCSD includes single (T}) and double (73, or double of applica-
tion of 71), and triple (Tf’ and T}, Ts) excitation and so on. Moreover, the CCSD(T) method, which
includes perturbation theory for triple excitation, is often referred to as the gold standard of quan-
tum chemistry, due to its high accuracy.[16]

Among the most popular approaches to overcome the computational cost, but retain chemical ac-
curacy is the domain-based local pair natural orbital (DLPNO) method, developed by Frank Neese
and co-workers.[17] Reduced computational demand is achieved by classifying electron pairs as
either weakly or strongly correlated. Strongly correlated pairs are treated with the CC approach,
while for weakly correlated pairs MP2 is employed. The energy obtained by MP2 is added subse-
quently to the correlation energy. However, so far it is not possible to use the DLPNO approach
to perform geometry optimization or frequency calculations. Only single point energies can be
obtained by that method.[17]

5.4 Density functional theory

One downside of Post-Hartree-Fock methods is their huge computational effort. This makes their
application for large and complex systems almost impossible. Density functional theory (DFT) at-
tempts to address both the high computational demands of post-HF methods and the inaccuracy
of HF by replacing the many-body electronic wave function with the electronic density as the basic
quantity. Whereas, for an N electron system, wave functions contain 4N variables (three spatial
and one spin coordinate for each electron), the electron density is a function of only 3 degrees of
freedom and has the same number of variables, independent of the system size.[15]

5.4.1 Hohenberg-Kohn theorems

DFT, as it is recognized today, is theoretically based on the two Hohenberg-Kohn theorems.[18]
The first theorem states that the energy and all ground-state properties of an electronic system
are uniquely determined by the electron density.

The second theorem establishes that the density obeys a variational principle. Thus, the problem
of solving the many-body Schrédinger equation is bypassed, and the objective becomes to mini-
mize a density functional. Expectation values obtained through the variational principle are always
higher or equal to the true energy.[13]

5.4.2 Kohn-Sham equations

However, one should bear in mind that the Hohenberg-Kohn theorems, while fundamental in con-
cept, do not offer a direct approach for solving the necessary equations to compute molecular
properties. Early approaches to compute these properties only used the electron density itself
as an input. However, these approaches were lacking the description of the kinetic energy of the
electronic energy. Walter Kohn and Lu Jeu Sham introduced a different approach, which is the
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common current realization of DFT. In the Kohn-Sham (KS) approach orbitals are introduced to
overcome the poor representation of the kinetic energy, which leads to Equation 10, which makes
it possible to compute the energy of the system.

Bl = 5 [[ 2 v o) -0 (222 ) @ vl w0

rJ
J
S—— N ~~ S——
Coulombic repulsion kinetic energy Coulombic energy interaction exchange-correlation
between electrons ~associated between nuclei and energy functional
with the orbital the electron density

The equation consists of four main terms: the Coulombic repulsion energy between electrons, the
kinetic energy associated with the orbital, the Coulombic energy interaction between nuclei and
the electron density, and the exchange-correlation energy functional. The first three terms are
relatively straightforward to calculate. However, the mathematical challenge lies in the fourth part,
as the exact form of this functional is not known. Subsequently, leading to the development of
various approximations. [16]

5.4.3 Hybrid functionals

A major source of error in Kohn-Sham Density Functional Theory (KS-DFT) is the self-interaction
error (SIE). This error arises from the inability of functionals to precisely counteract self-Coulomb
and self-exchange-correlation effects across all one-electron densities. Among the approximations
for exchange-correlation energy functionals, hybrid functionals have gained significant popular-
ity. Unlike less accurate functionals such as the Generalized Gradient Approximation (GGA) and
meta-GGA (mGGA), hybrid functionals replace a portion of the approximate DFT exchange with
Fock exchange, which mitigates the SIE. Furthermore, the famous and widely used B3LYP[19, 20]
functional also belongs to the class of hybrid functionals. However, it’s important to note that the
SIE is not completely eliminated by the hybrid functional approximation.[13]

5.5 Dispersion correction

Due to the intrinsic SIE of KS-DFT, non covalent interactions, especially London dispersion inter-
actions are described incorrectly. Therefore, dispersion corrections are undeniably necessary for
theoretical simulations to reach sufficient accuracy. Many different approaches were made to repli-
cate dispersion interactions. A still widely used approach was proposed by Grimme in 2006, the D2
method, which belongs to the group of semiclassical treatments. In semiclassical treatments the
dispersion energy (Ey;s,) between atom pairs is added to the electronic energy of the mean-field
(Err) (e.g., DFT) approach, yielding the total energy (E},;) as shown in Equation 11.[21]

Etot = EMF + Edisp (11)
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The D2 method is regarded as a fully empirical correction, and therefore does not contain any
dependence on the molecular environment. D3[22] the successor of the D2 method takes the
molecular environment into count and is therefore the state-of-the-art method. Historically, the
D2 method was proposed to be applied in combination with the nonhybrid variant of the B97
functional.[23] The good interplay between D2 and B97 has also been exploited by Chai and Head-
Gordonin the development of the range-separated hybrid functional wB97XD, which is still popular
until today.[24, 25]

5.6 Solvation

To properly describe chemical systems computationally it is important to include as many envi-
ronmentally related effects as possible. One of these effects is the interaction of the molecule with
the solvent. Mainly two different approaches are used to model these interactions: One of these
is explicit solvation, where every solvent molecule is modeled atomistically. This treatment is a
more intuitively realistic picture of the studied systems but comes along with a big computational
cost. Therefore, explicit solvation is only feasible in MM (molecular mechanics), MD (molecular dy-
namics), or Monte Carlo (MC) simulations. A computationally less demanding method is implicit
solvation. In this approach, the solute is situated within a cavity with a shape roughly resembling
the molecule, while the solvent is represented as a continuous medium with a specfic dielectric
constant. [13] Two commonly used implicit solvation models are SMD[26] (Solvent Model Density)
and CPCM[27, 28] (Conductor-like Polarizable Continuum Model). While CPCM models the solute
cavity by creating overlapping spheres, SMD takes a different approach by utilizing the complete
solute electron density to compute the cavity-dispersion contribution, instead of solely relying on
the surface area. A compromise between explicit and implicit solvation is micro solvation, where
only some solvent molecules are described explicitly, while still an implicit solvation model is ap-
plied to the whole system. Usually, in reactions where solvent molecules are directly included in
the reaction micro solvation is used.[29]

5.7 Conformational search

Exploring the conformational space of a molecule is of paramount importance. The energy land-
scape of flexible molecules often includes low-lying conformers, which are hard to find intuitively.
However, the most stable conformers dictate the reactivity of molecules and therefore are impor-
tant to consider. Furthermore, in some cases different conformers can lead to different reaction
pathways, thus resulting in varying selectivity. The conformational search in this study was done
accordingto Figure 2. Initially, meta dynamic simulations were employed using non-covalentinter-
actions forcefield (GFN-FF)[30] to obtain a set of initial structures. Subsequently, the single-point
(SP) energies of these structures were computed using DFT calculations, and they were ranked
based on their energetic stability. To further refine the selection, any structure with an energy that
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Figure 2: Workflow of the performed conformational search, with benzyl alcohol as example sub-
strate. Gray - neglected conformers, black - further considered conformers.

is 25 kJ/mol higher than the most energetically favorable conformer was excluded from further
consideration. The remaining conformers were subjected to geometric optimization and ranked
again, considering thermal correction terms obtained through frequency calculations of the opti-
mized geometries. Conformers that were only 5 kJ/mol or less high in energy than the most stable
structure were further investigated. Hence, SP energies were calculated using the DLPNO-CCSD(T)
method. Theresulting energies were ranked, taking into account the thermal correction terms ob-
tained from the frequency calculations performed at the DFT level applied for optimized geome-
tries. Through this comprehensive approach, the most stable conformer was identified.
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6 Computational details

All quantum chemical calculations determining structural and energetic properties at the DFT level
of theory were performed using the Gaussian 16 software.[31] The ORCA5.0.1 program package([32]
was used to obtain energies by the DLPNO-CCSD(T) method.[17] To establish an appropriate theo-
retical framework for characterizing the studied system, a benchmark study was conducted. This
involved a comparison of the following DFT functionals: wB97XD[33, 34], PBE0-D3[35, 36, 37], and
B3LYP-D3.[19, 38] Also, different basis sets, namely def2-SVP,[39] def2-SVPD,[40] and def2-TZVP[39]
were applied. All calculations using PBEO and B3LYP were performed including D3 dispersion
correction with Becke-Johnson damping.[22]. Furthermore, CPCM[27, 28] and SMD[26] solvation
model with parameters of toluene were included. For all molecules, which were considered during
mechanistic studies, MTD simulations, based on the GFN-Force-Field (GFN-FF),[30] were employed
to explore the conformational space of the molecules. To conduct this exploration, the software
package Conformer-Rotamer Ensemble Sampling Tool (CREST) was used.[41, 42] The structures
located with CREST have then been subjected to wB97XD/def2-SVP[33, 34, 39] geometry optimiza-
tion. The wB97XD functional and the def2-SVP basis set were chosen because they showed the best
performance among the different benchmarked levels of theory (for more details see section 7).
To confirm that stationary points were obtained and to verify the nature of them, computations
of harmonic vibrational frequencies were performed at the same level of theory as geometry opti-
mizations. Final Gibbs free energies were obtained by the addition of single point energies calcu-
lated at the DLPNO-CCSD(T)/def2-TZVP[17] level of theory and the thermal corrections computed
at wB97XD/def2-SVP level of theory. All energies are reported in kcal/mol. Energy profiles were
constructed using the most stable conformation (the global minimum) of each intermediate and
transition state. Free energies in solution have been corrected for concentration effects (1 mol/L
at 373 K), temperature (373 K), and quasi-harmonic corrections to both entropy and enthalpy, de-
faulting to the Grimme method for entropy[43] and the Head-Gordon enthalpy correction,[44] by
using the programm GoodVibes.[45]. NBO charges[46, 47] were calculated from the wB97XD/def2-
SVP level of theory.
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7 Results and discussion

7.1 Benchmark study

Considering the scarce literature dare of the studied system, a benchmark study was conducted
prior to embarking on any mechanistic investigations. This preliminary analysis aimed to iden-
tify a reliable quantum mechanical modeling method that accurately and efficiently describes the
investigated system. Therefore, DFT functionals, which have been used to study zirconocene com-
plexes were compared. Among the most popular functionals are B3LYP,[48, 20] PBEO,[49, 50] and
wB97XD[51, 52]. Furthermore, the influence of the applied basis set was studied as well. Different
basis sets of the "Karlsruhe family", namely def2-SVP, def2-SVPD, and def2-TZVP, were probed to
see whether additional diffuse functions or a higher (-level affected the obtained results. In order
to judge the performance of the different tested level of theories, optimized molecular geometries
of ZrCp,Cl,[53] and ZrCp,OTf,-THF[54] have been compared to structures empirically obtained by
X-ray crystal analysis. The following bonds, have been considered: Zr-Cl, Zr-center of mass of the
Cp ligand (Zr-Cp), Zr-O of the OTf ligand (Zr-OTf), and Zr-O of THF moiety (Zr-THF). Figure 3 illus-
trates the absolute difference of the computed bond distances from the bond lengths observed in
the X-ray structures (see Table 3 in the appendix for a tabulated presentation). The same kind of
analysis was done for the bond angles Cl-Zr-Cl, Cp-Zr-Cp, and fTO-Zr-OTf. The results are shown in
Figure 4 (see Table 4 in the appendix for a tabular representation).

All the tested functionals showed comparable results. Nevertheless, among the three functionals
under consideration, B3LYP exhibited the worst performance. In particular, the Zr-Cp bond lengths
are described less accurately in contrast to the other two functionals. Moreover, wB97XD gave
slightly better results for Zr-Cl, Zr-OTf bond lengths and fTO-Zr-OTf, Cl-Zr-CL bond angles compared
to PBEO. Since Zr-Cl and Zr-OTf bonds are crucial in the undertaking study, wB97XD was chosen to
conduct the further computational work. Furthermore, additional diffuse functions or a higher (-
level from double-( to triple-( in the basis set did not show a sharp increase in accuracy. Hence,
the def2-SVP was chosen as the basis set owing to its low computational cost.

Also, the influence of different implicit solvation models (CPCM and SMD) was investigated. There-
fore, the same computed bond lengths and angles as before were compared (see Figure 5, Fig-
ure 6 or Table 5, Table 6 in the apendix for tabulated presentation). SMD and the CPCM solvation
model produced similar results, demonstrating their reliability. Additionally, the calculated geo-
metric properties of the solvated complex closely matched the experimental values of the solid-
state structure. Despite SMD being a more sophisticated model compared to CPCM, as it accounts
for cavity creation effects, CPCM was used for further computational investigations. This choice
was driven by convergence issues encountered when using SMD as a solvation model during transi-
tion state (TS) optimization. In contrast, CPCM smoothly yielded TS structures as stationary points,
and both SMD and CPCM produced similar results regarding the geometric structure.
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Figure 3: Absolute difference of experimentally (X-ray)[53, 54] measured and theoretically calcu-
lated Zr-Cl, Zr-Cp, Zr-OTf, and Zr-THF bond lengths at different levels of theory. (Solvation: CPCM

toluene).
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Figure 4: Absolute difference of experimentally (X-ray)[53, 54] measured and theoretically calcu-
lated Cl-Zr-Cl, Cp-Zr-Cp, and fTO-Zr-OTf bond angles at different levels of theory. (Solvation: CPCM
toluene).
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and Zr-OTf bond distances with different solvation models: CPCM and SMD (toluene); level of the-
ory: wB97XD/def2-SVP.
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Figure 6: Experimentally (X-ray)[53, 54] measured and theoretically calculated Cl-Zr-Cl, Cp-Zr-Cp,
and fTO-Zr-OTf bond angles with different solvation models: CPCM and SMD (toluene); level of
theory: wB97XD/def2-SVP).
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7.2 Identifying the catalytic active species

The overall reaction for direct substitution of alcohols employed by the Lundberg group for kinetic
analysis and general studies is shown in Figure 7.[10] Benzyl alcohol (BnOH) and 2-phenylethanol
(PhEtOH) undergo a ZrCp,OTf,-THF catalyzed reaction to produce the corresponding asymmetric
ether (Bn-O-PhEt).

=

zie e THF

HOL~p, + HO_Ph > _ ~_O0_Ph 4 HO
Ph ~ BTF, H,0, 100 °C Ph

Figure 7: General reaction setup by the Lundberg group.

In the standard reaction setup, benzotrifluoride (BTF) serves as the solvent. However, due to limi-
tations of the Gaussian 16 software package no well-parameterized dielectric constants were avail-
able for BTF, which is the actual solvent used in the experimental setup. Toluene was chosen as an
appropriate substitute solvent for the computational simulations due to its chemical similarity to
BTF. Moreover, BTF serves the purpose of suppressing Friedel-Crafts-like side reactions. It’s worth
noting that the reaction is also viable in toluene.

In order to investigate the mechanism, various potentially significant species were taken into con-
sideration. As reported in the literature, triflate ligands are susceptible to facile exchange by water
molecules.[55] Hence, a comparison was made among various plausible species that could arise
during a ligand exchange reaction, with the aim of discerning the catalytically active entity. Also,
the difference between the coordination of benzylalcohol (BnOH) and phenylethanol (PhEtOH) to
the zirconocene complex was studied. In pursuit of this objective, a comparison was conducted
involving the Zr bond distance to the oxygen atom of the coordinated alcohol, as well as the NBO
charges of both Zr and the corresponding oxygen atom. Additionally, discrepancies in the total
Gibbs free energies (AG) of the respective species were examined. Figure 8 shows the considered
species in their Lewis Structure, while in Table 2 the computed result are displayed.
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Figure 8: Lewis structures of the investigated species

The coordination of either BnOH or PhEtOH does not exert a significant impact on the formal par-
tial charge of the oxygen atom within the studied molecules. While the NBO charges estimated the
uncoordinated oxygen atom of BnOH or PhEtOH to be -0.76, the partial charge ranged from -0.76
to -0.79. Additionally, the charge on Zr is not substantially alter with the coordination. Specifi-
cally, while ZrCp,OTf, exhibited a partial charge of 1.63 for Zr, the coordinated species with THF or
BnOH/PhEtOH showed partial charges ranging from 1.51 to 1.53. Thus no clear electron transfer
from Zr to O can be observed, which would indicate an activation of the alcohols. Zr-O bond dis-
tance for the Zr-Cp,0Tf,(BnOH) and Zr-Cp,OTf,(PhEtOH) complexes show identical bond lengths,
estimated at 2.295 A. Substitution of the OTf ligands with H,0 led to a minor reduction in bond
length, resulting in lengths of 2.260 A and 2.267 A, respectively. The differences in Gibbs free en-
ergies between the various species exhibit a more noticeable variation. ZrCp,OTf,(BnOH) exhibits
a slight energy preference compared to ZrCp,OTf,(PhEtOH), with a AAG of -0.2 kcal/mol. This
suggests that a zirconocene species coordinated with BnOH is more favorable than with PhEtOH.
Furthermore, the ligand exchange of OTf with H,0 in the ZrCp,0Tf,(BnOH) complex results in a
considerable energy cost. The exchange of one OTf ligand yields a AAG of 8.3 kcal/mol, while the
exchange of two OTf ligands leads to a AAG of 15.7 kcal/mol. Also, ZrCp,0Tf,0H, was identified
as the most stable species, implying that it could potentially represent the resting state of the cat-
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Compound Bond distance [A] Zr-O Charge on Zr Chargeon O AG [kcal/mol]
BnOH - - -0.76 -
PhEtOH - - -0.76 -
ZrCp,OTf,-THF - 1.52 - Reference (0.0)
ZrCp,0Tf, - 1.63 - 2.6
ZrCp,0Tf,0H, 2.237 1.49 -0.92 -2.6
ZrCp,0Tf,(BnOH) 2.295 1.52 -0.77 -2.0
ZrCp,OTf,(PhEtOH) 2.295 1.51 -0.76 -1.8
[ZrCp,OTf(OH,)(BnOH)]*[OTf] 2.260 1.53 -0.79 6.3
[ZrCp,(OH,;),(BnOH)] [OTf], 2.267 1.53 -0.79 13.7

Table 2: Zr-O, with O representing the coordinated oxygen of the alcohol, bond lengths are given
in A for different potentially catalytic active species. Partial charges on Zr and O, the coordi-
nated oxygen of the alcohol, were estimated using NBO analysis. The variation in AG regard-
ing ZrCp,OTf,-THF is given in kcal/mol. Level of theory: DLPNO-CCSD(T)-CPCM(toluene)/def2-
TZVP//wB97XD-CPCM(toluene)/def2-SVP.

alytic system. The heightened stability is likely attributed to the formation of two hydrogen bonds
between water and the triflate ligands, whereas alcohols can only engage in the formation of a
single hydrogen bond (see Figure 9). Furthermore, it’s important to consider that alcohols have
more steric hindrance than water, which also impacts stability. This influence can be observed
through the differencesin bond angles avand 3, which represent the different fTO-Zr-OH, and fTO-
Zr-OR bond angles (R stands for the rest of the alcohol). Notably, for ZrCp,0Tf,0OH,, « and 3 have
the same values (72.8°), whereas for ZrCp,OTf,(BnOH) («=70.2°, 5=72.3°) and ZrCp,OTf,(PhEtOH)
(a=71.5°, 3=71.8°), a and (3 are different.

22/53



Iversitat
Ien University of Vienna

ZrCp,0Tf,(BnOH) ZrCp,OTf,(PhEtOH)

Figure 9: Molecular structure of ZrCp,0Tf,(BnOH) (top left), ZrCp,OTf,(PhEtOH) (top right), and
ZrCp,0Tf,0H, (bottom middle). Angles are givenin °. Atom colors: carbon (gray), hydrogen (white),
fluorine (green), sulfur (yellow), zriconium (light blue), and oxygen (red).

To summarize all the preliminary findings before delving into a more in-depth mechanistic inves-

tigation, one can conclude:

1. Giventhat partial charges and bond distances remain unchanged when alcohols coordinate,
it is unlikely that the zirconium catalyst is able to activate the alcohols.

2. The exchange of OTf ligands with water is associated with a high energetic cost, and as such,

not further considered.

3. ZrCp,0Tf,0H, is the most stable species among those considered, and therefore, it is likely
the resting state of the catalytic cycle.
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7.3 Syn2-like mechanism with ZrCp,OTf, - THF as a catalyst
7.3.1 Generalidea behind an Sy2-like reaction with ZrCp,OTf, - THF as acatalyst

Since the reaction is modeled in toluene (a nonpolar solvent) the initial investigation focused on
an Sy2-like mechanism. Considering that a carbocation, which would be formed in an Sy1-like
reaction, would not be effectively stabilized through solvation in such nonpolar environment, ex-
ploring the Sy2-like pathway was prioritized. This choice is further supported by experimental and
computational studies on aluminum triflate, which suggest an Sy2-like mechanism for the direct
substitution of alcohols in toluene.[56] In Figure 10, the proposed hypothetical catalytic cycle is
visualized.

ZrCp,OTfa-THF

vy v WOTf
290 _ 1z 29T ThE

SO N o

Ph”” “OH
Ph”” OH oh
[21—0 f
H Ph
A J/
Ph (@] ;
N \/\Ph '
.|\H
Ph—i}
@ /O\
C [Zr]—OH> [Zr]—OH [Zr] H
. | _
H TSaB
Ph
v(?)\/\Ph

Figure 10: Proposed catalytic cycle for an Sy2-like mechanism.

The proposed mechanism would begin with a ligand substitution of THF with benzyl alcohol
(ZrCp,OTf,-THF->A), followed by a nucleophilic attack of phenylethanolin an Sy2 style (A>B). Sub-
sequently, reprotonation of the catalyst and release of the asymmetric ether would occur (B>C). To
complete the catalytic cycle, a ligand substitution of water with benzyl alcohol takes place ( C>A).
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7.3.2 Computational investigation of an Sy2-like mechanism with ZrCp,OTf, - THF as a cat-
alyst

The energy profile of the Sy2-like reaction is illustrated in Figure 11, encompassing the formation
of both the associated reactants and products. Moreover, the computed molecular structure of
the TSa-g,no-water i Shown in Figure 13 a. When not considering the presence of water, a reaction
barrier of AG(Ano-water~>Bno-water) = 36.6 kcal/mol was determined (see Figure 11). Despite the ele-
vated reaction temperatures (100 °C), the barrier remains beyond an energetically accessible range.
However, recognizing that water is an essential component of the reaction, a more in-depth inves-
tigation was undertaken to evaluate its potential role in reducing the reaction barrier.
Subsequently, microsolvation was employed through the introduction of water molecules to the
system to examine their effect on the barrier (see Figure 11). However, introduction of a single wa-
ter molecule did not result in a decrease of the energy barrier; rather, it led to an increase in the
barrier (AG*(Aone-water>Bone-water) = 44.6 kcal/mol), propably due to the increased entropic energy
of the system. Also, TS molecular geometries showed some noticeable differences. For example,
Atom distances between C and O atoms which are form and break bonds during the TS are slightly
elongated in TSa-g no-water COMpared to TSa.p one-water (S€€ Figure 13 a and b). More significant then
the stretched bond lengths in the TS geometry are the differences in the bond angles. In the ab-
sence of waterinteractions, the C-O-C bond angle measures 159.9°, while the presence of one water
molecule leads to a more constrained angle of 151.1°. These geometric changes could significantly
impact the energetic barrier, primarily due to steric hindrance and repulsion effects between the
water molecule and the hydrophobic aryl moiety of the alcohols.

Continuing the investigation of the role of water during the reaction, additional water molecules
were introduced. The arrangement of these water molecules forms a distinctive chain-like struc-
ture, which in turn facilitates a direct proton transfer. This exceptional configuration not only en-
ables the direct formation of the ether but also accomplishes the concurrent regeneration of the
catalystin asingle, integrated step. Despite the fact that TS geometries exhibited greater structural
resemblance to TSa g no-water 35 OpPOSed to TSa.p one-water, (S€€ Figure 13), the energetic barriers re-
mained elevated. The energetic profile of the reaction is shown in Figure 12. While in the pres-
ence of two water molecules marginally lowered the estimated reaction barrier about 0.2 kcal/mol
compared to the presence of only one water molecule (AG* (Atwo-water>Ctwo-water) = 44.4 kcal/mol),
it remained still 7.8 kcal higher compared to reaction with no water present. Further addition of
water to the system increased the reaction barrier up to 10.5 kcal/mol (AG* (Ahree-water=>Chree-water)
=47.1 kcal/mol).
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Figure 11: Energy profile (relative Gibbs free energies(AGs73k; toluene [kcal/mol]) of Sy2-like reac-
tion with no water (purple) and with one water molecule (green). Reactant and product com-
plexes are labeled with an apostrophe. The sum of the reactant energies is taken as a reference
(0.0 kcal/mol). n =0 or 1. Level of theory: DLPNO-CCSD(T)-CPCM(toluene)/def2-TZVP//wB97XD-

CPCM(toluene)/def2-SVP.
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Figure 12: Energy profile (relative Gibbs free energies(AGs73« toluene [Kcal/mol]) of Sy2-like reaction
with two water molecules (lilac) and with three molecules (brown). Reactant and product com-
plexes are labeled with an apostrophe. The sum of the reactant energies is taken as a reference

(0.0 kcal/mol). n=2 or 3. Level of theory: DLPNO-CCSD(T)-CPCM(toluene)/def2-TZVP//wB97XD-
CPCM(toluene)/def2-SVP.

27/53



Zhuniversitat
Jwien University of Vienna
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Figure 13: Molecular structure of the TS of the Sy2-like reaction with no water (TSa-g no-water) (a),
one water molecule (TSa-g,one-water) (b), two water molecules (TSa.ctwo-water) (€), and three water
molecules (TSa-c three-water) (d). Atom colors: carbon (gray), hydrogen (white) , fluorine (green), sul-
fur (yellow), zriconium (light blue), and oxygen (red). Distances shown in A and angles in °.
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In addition to ZrCp,OTf,(BnOH) (A) serving as the initial species of the catalytic cycle,
ZrCp,OTf,(PhEtOH) (A;) was also considered as starting point of the reaction. The corresponding
energy profile is displayed in Figure 14.
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H HH H _ B; -
=70 42.3 Ph
Ph—/ ‘1z g
Ph
(C]
u . [Z]—OH + H-O®
_ A _ PH
[z1—-O  Ph
H Ci —
+ [Zr]—OH;
HO™ Ph -

— — PhO~pp
0.0 __..--e- _
A ) -3.6

Ci' Ci

Figure 14: Energy profile (relative Gibbs free energies(AGs73 k, toluene [kcal/mol]) of an Sy2-like reac-
tion with BnOH as nucleophile. Reactant and product complexes are labeled with an apostrophe.
The sum of the reactant energies is taken as a reference (0.0 kcal/mol). Level of theory: DLPNO-
CCSD(T)-CPCM(toluene)/def2-TZVP//wB97XD-CPCM(toluene)/def2-SVP.

As expected, the reaction barrier for Aj>B; (AG' = 42.3 kcal/mol) is higher compared to
Ano-water>Bno-water (AG* =36.6 kcal/mol). This difference is likely attributed to the fact that the CH,
group of BnOH is more electrophilic when contrasted with the CH, group of PhEtOH, due to the
proximity of the phenyl moiety. In other words, when BnOH is used, the conjugation of the aryl
ring stabilizes the transition state (TS) during a nucleophilic attack. However, when an additional
CH, group is present like in PhEtOH, the TS cannot be stabilized through conjugation.

In conclusion, for the studied catalyst, an Sy2-like pathway is inaccessible due to the high energetic
barrier. Furthermore, the introduction of water into the system did not lower the energetic barrier
of the reaction; in fact, led to an even higher barrier.
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7.4 Syl-like mechanism with ZrCp,OTf, - THF as a catalyst
7.4.1 Generalideabehind an Sy1-like reaction with ZrCp,OTf, - THF as a catalyst

Intrigued by preceding experimental findings related to Hf, La, Yb, and Sc triflates, which suggest
an Syl-like mechanism, this pathway was also explored in the present theoretical study. How-
ever, the substrate scope of these triftlates is limited to secondary benzylic alcohols,[57, 58] while
ZrCp,OTf,-THF is capable to transform primary benzylic alcohols. Findings of the Lundberg and
coworkers have disclosed that the reaction of PhEtOH and (S)-1-phenylethanol led to the racem-
ization of the ether product, providing evidence for a mechanism involving a carbocationic inter-
mediate (see Figure 15).[10]

=

zes e THF

: Ph
O~~pn + HO Ph > \/\O}\Ph + HO

Figure 15: Racemization of (S)-1-phenylethanol in the etherification reaction.

A hypothetical Sy1-like mechanism is visualized in Figure 16. After, the ligand substitution of THF
with benzyl alcohol ( ZrCp,OTf,- THF-A), a benzylic carbocation would be formed (A->D). Subse-
quently, the second alcohol can attack either face of the planar carbocation (D->B). The formed
protonated ether can then reprotonaed the catalyst (B>C). Substitution of water with benzyl alco-
hol would close the catalytic cycle (C>A).
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Figure 16: Proposed catalytic cycle for an Sy1-like mechanism.
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7.4.2 Computational investigation of an Sy1-like mechanism with ZrCp,OTf, - THF as a cat-
alyst

The energy profile of the formation of a carbocationin an Sy1-like reaction is displayed in Figure 17.
The computed energetic barrier was found to be surprisingly high, despite the expected resonance
stabilization of the formed benzyl cation (AG*(A>D) = 47.4 kcal/mol). These results highlight that
an Sy1-like pathway is not feasible under the given conditions.

e D —
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Pl adla 45.8 Ph_8“: ®
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[Zr]—OH
A
Ph 0.0
[Zr]—O
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Figure 17: Energy profile (relative Gibbs free energies (AGszs toluene [kcal/mol]) of the formation
of a benzyl carbocation catalyzed by the zirconocene complex. The sum of the reactant ener-
gies is taken as a reference (0.0 kcal/mol). Level of theory: DLPNO-CCSD(T)-CPCM(toluene)/def2-
TZVP//wB97XD-CPCM(toluene)/def2-SVP

However, due to the high reaction barrier found for carbocation formation, the subsequent re-
action to close the catalytic cycle (D~>A), which involves the attack of a second alcohol, was not
investigated more closely.

In summary, an Sy1-like reaction is even more energetically unfavorable than an Sy2-like reaction
catalyzed by ZrCp,OTf,-THF. The experimental findings of the Lundberg group could be attributed
to the fact that the substrate, a secondary benzyl alcohol, is more prone to forming a carbocation
due to the stabilizing influence of the additional methyl group.
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7.5 Formation of a Bn-OTf species by ZrCp,OTf, - THF
7.5.1 Generalidea behind the Bn-OTf formation with ZrCp,OTf, - THF

In order to identify a TS for carbocation formation, a relaxed potential energy surface (PES) scan
was performed. To achieve this, the C-O bond was intentionally elongated. Surprisingly, instead of
forming a carbocation, the elongation led to the creation of a new C-O bond within the OTf moiety.
Building upon this discovery that an ZrCp,(OTf)(OH)-(Bn-OTf) (E) appears to be preferred over the
formation of a carbocation, a proposed catalytic cycle is visualized in Figure 18.
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H 0
O\\élo \O \\SI,O
FsC” §2Ir09 “CF3

Figure 18: Proposed catalytic cycle for the formation of activated Bn-OTf (E)followed by a nucle-
ophilic attack of PhEtOH.

The proposed catalytic cycle commences with the ligand substitution of THF with benzyl alco-
hol (ZrCp,OTf, - THF->A). This is followed by the creation of BnOTf which is coordinated to the zir-
conocene complex (A>E). Subsequently, PhEtOH can attack species E (E->C) to form the asymmet-
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ric ether. Finally, ligand substitution of water with benzyl alcohol takes place, completing the cat-
alytic cycle (C>A).

The energy profile for the entire reaction is illustrated in Figure 19. As anticipated by PES scan, the
the formation of species E is prefered over the generation of a carbocation. However, the energy
barrier remains relatively high (AG*(A>E) = 44.7 kcal/mol). This considerable barrier strongly sug-
gests the unlikelihood of this mechanistic pathway. The molecular structure of the transition state
(TS) is shown in Figure 20 a, while the structure of the formed species E is presented in Figure 20
b. The determined Zr-O bond length in the coordinated BnOTF species is significantly elongated
(0.441 A) in comparison to the unsubstituted OTf group. This observation suggests that the BnOTF
moiety is only weakly coordinated to the metal complex.

For the subsequent nucleophilic attack of PhEtOH on E, similar to the previously studied Sy2-like
reaction (see subsubsection 7.3.2), the impact of water was investigated. In contrast to the Sy2-
like reaction discussed in subsubsection 7.3.2, the nucleophilic attack of PhEtOH on E and repro-
tonation occur simultaneously, even in the absence of water. The transition state geometry (see
Figure 20 c), which inherently allows for both processes to take place in a single step. Nonethe-
less, water was placed to see if it could lower the reaction barrier. However, the presence of water
did not have a positive impact on the reaction; instead, it resulted in an increase in the barrier
by 2.0 kcal/mol compared to when no water was present (AG*(Eno-water=>Cno-water = 23.7 kcal/mol,
AG*(Egne-water>Cone-water) = 25.7 kcal/mol). The molecular structures of the TS are shown in Fig-
ure 20 d. Interestingly, the presence of water has only a minor impact on the C-O bond distances,
with differences of less than 0.03 A. However, the C-O-C angle widens by 6.7° when water is intro-
duced.

Considering these results, one can conclude that the formation of BnOTF through the attack of
BnOH onto an OTf ligand is slightly more favorable than the formation of the carbocation. Never-
theless, both processes remain unlikely to occur due to the high energetic barrier. However, these
results demonstrate that BnOTF can readily participate in a reaction to form an ether.
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Figure 19: Energy profile (relative Gibbs free energies(AGs73 k. toluene [kcal/mol]) for the formation
of E (black), followed by a nucleophilic attack of PhEtOH with no water molecules present (red),
and one no water molecule present (blue). Reactant and product complexes are labeled with an
apostrophe. The sum of the reactant energies is taken as a reference (0.0 kcal/mol). Level of theory:
DLPNO-CCSD(T)-CPCM(toluene)/def2-TZVP//.wB97XD-CPCM(toluene)/def2-SVP.
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a Molecular structure of TS, ¢ b Molecular structure of E
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¢ Molecular structure of d Molecular structure of
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1

Figure 20: Molecular structure of TSag (a), E (b), TSe-c/nowater (€), and TSk-c/onewater (d). Atom colors:
carbon (gray), hydrogen (white) , fluorine (green), sulfur (yellow), zriconium (light blue), and oxy-
gen(red). Distances shown in A and angles in °.
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7.6 ZrCp,OTf,-THF as a Bronsted acid catalyst

Furthermore, it was investigated if ZrCp,OTf,-THF can function as a Brgnsted acid after a replace-
ment of THF with a water molecule. In this proposed catalytic cycle (Figure 21), the process is
initiated with hydrolysis, involving the replacement of the THF ligand with water. The resulting
species (C) would then protonate BnOH. Subsequently, the formed species (F) could be attacked
by PhEtOH. Probably the protonated asymmetric ether (B) could then protonate the zirconocene
complex to regenerate the catalyst (C).

ZrCp,OTfo- THF
o + OTf
Zr‘,OTf = [Zr] Zr. =OTf, THF

% oTf %*OTf

Ph™~0">ph + H0

TN

H
O\/\Ph + Tzg-on T-oH + P op F
V H
HO/"Ph

Figure 21: Proposed catalytic cycle in which ZrCp,0Tf,0H, serves as a Brgnsted acid to catalyze
the reaction in an Sy2-like manner.

The energy profile for the described reaction is depicted in Figure Figure 22. In addition to the pri-
mary protonation of BnOH, the protonation of PhEtOH was also investigated to compare the two
possible pathways. For the protonation of BnOH and the nucleophilic attack of PhEtOH a barrier
of AGH(C>B) = 44.7 kcal/mol was found. This barrier is 4.4 kcal/mol lower (AG*(C>C;-B;) = 49.1
kcal/mol), compared to inversed reaction, where the protonated alcohol PhEtOH gets attacked by
BnOH. Nonetheless, both barriers do not fall within a range that is achievable under the applied
reaction conditions.
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Figure 22: Energy profile (relative Gibbs free energies(AGs73k, toluene [kcal/mol]) for a nucleophilic
attack of PhEtOH after protonation of BnOH by ZrCp,O0Tf,0H, (pink), and vice versa (green; nu-
cleophilic attack of BnOH after protonation of PhEtOH by ZrCp,0Tf,0H,. Reactant and prod-
uct complexes are labeled with an apostrophe. The sum of the reactant energies is taken as a
reference (0.0 kcal/mol). Level of theory: DLPNO-CCSD(T)-CPCM(toluene)/def2-TZVP//wB97XD-
CPCM(toluene)/def2-SVP.
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7.7 ZrCp,OTf,-THF as a precatalyst which can form HOTf

Another potential mechanism was explored in which ZrCp,0Tf,0H, acts as a precatalyst. This in-
vestigation was motivated by reports indicating that many metal triflates can readily undergo hy-
drolysis reactions, leading to the release of HOTf.[59]

7.7.1 Sp2-like reaction catalyzed by HOTf

Firstly, an Sy2-like reaction was explored. A potential reaction mechanism is depicted in Figure 23.
In the proposed mechanism, ZrCp,OTf,- THF would react with water to produce HOTf (G), which
could then protonate BnOH (G->H), thus activating the alcohol for a nucleophilic attack by PhEtOH
(H>1). Following the nucleophilic attack, the resulting protonated ether could subsequently repro-
tonate the OTf anion to regenerate HOTf (I-G).

ZrCp,OTfy THF
H.O
Ph PN
~">0"ph + H0 Ph”  OH
HOTf
G
A
Ph. .0 S) © A~-H
b P~y + OTH OTf + Ph” ~Ogm H
\% H
HO~"Ph

Figure 23: Proposed catalytic cycle in which ZrCp,OTf,- THF serves as a precatalyst, releasing HOTf,
which then act as a Bransted acid to catalyze the reaction in an Sy2-like manner.

The energy profile for the described reaction is depicted in Figure 24 (maroon). A barrier of
AGHG>1) = 28.4 kcal/mol was determined. Since this barrier falls within a feasible range, the re-
action was further investigated by reversing the roles of the attacking and protonated alcohols.
Protonating PhEtOH and then having BnOH attack raised the barrier as expected, by 5.4 kcal/mol
compared to the reverse reaction (AG*(G~I;) = 33.6 kcal/mol), as shown in Figure 24 (olive).

The formation of symmetric ethers was also explored. Protonation of BnOH followed by the at-
tack of another BnOH molecule resulted in almost the same energetic barrier (AG!(J>K) = 29.0
kcal/mol, see Figure 25 turquoise) when compared to PhEtOH attacking the protonated BnOH
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Figure 24: Energy profile (relative Gibbs free energies (AGs73 « toluene [kcal/mol]) for a nucleophilic
attack of PhEtOH after protonation of BnOH by HOTf (maroon), and vice versa (olive; nucleophilic
attack of BnOH after protonation of PhEtOH by HOTf). Reactant and product complexes are labeled
with an apostrophe. The sum of the reactant energies is taken as a reference (0.0 kcal/mol). Level
of theory: DLPNO-CCSD(T)-CPCM(toluene)/def2-TZVP//wB97XD-CPCM(toluene)/def2-SVP.

species (AAG* = 0.6 kcal/mol). As expected, protonation of PhEtOH followed by the attack of an-
other PhEtOH molecule notably increases the barrier (AG*(L>M) = 35.7 kcal/mol, see Figure 25
orange). The obtained results are consistent with experimental findings that diphenylethyl ether
(PhEt-O-PhEt) is not observed as a reaction product, but rather the formation of dibenzyl ether
(Bn-0O-Bn) and the asymmetric ether (Bn-O-PhEt).
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Figure 25: Energy profile (relative Gibbs free energies (AGs73k; toluene [kcal/mol]) for a nucleophilic
attack of PhEtOH after protonation of another PhEtOH molecule by HOTf (orange), and nucleophilic
attack of BnOH after protonation of another BnOH molecule by HOTf (turquoise). Reactant and
product complexes are labeled with an apostrophe. The sum of the reactant energies is taken as
a reference (0.0 kcal/mol). Level of theory: DLPNO-CCSD(T)-CPCM(toluene)/def2-TZVP//wB97XD-
CPCM(toluene)/def2-SVP.
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7.7.2 Syl-like reaction catalyzed by HOTf

In addition to investigating an Sy2-like mechanism, the possibility of an Brgnsted acid initiated
Sn1-like mechanism was also studied. However, similar to the previous investigation in subsub-
section 7.4.2, when performing a PES scan to obtain the transition state for carbocation formation,
the formation of a triflate species was observed instead of the carbocation. Therefore, an alterna-
tive mechanism (see Figure 26) was proposed instead of the direct formation of a carbocation.

ZrCp,OTf, THF
Ho0
Ph PN
~N0"ph + HO Ph”  OH
HOTf
G
H
1 e /\
b PO pp + OTH H,0 + Ph” “OTF N
HO~/"Ph

Figure 26: Proposed catalytic cycle in which ZrCp,OTf,-THF acts as a precatalyst, releasing HOTHf,
which can then react with the alcohol to form a triflate intermediate. This intermediate sets the
stage for a subsequent attack by a second alcohol.

The proposed mechanism would commence with the hydrolysis of ZrCp,OTf,-THF, yielding HOTF.
Subsequently, BnOTfis formed, which can be trapped by PhEtOH. The subsequent regeneration of
HOTF and the release of ether would close the catalytic cycle.

The energy profile for the reaction is shown in Figure 27. The formation of BnOTf was found to be in
an energetically favorable range (AG*(Gpo-water>N) = 29.9 kcal/mol). Moreover, the subsequent at-
tack of either BnOH (AG*(N-lgnon) =29.1 kcal/mol) or PhEtOH (AG* (N> lpheton) = 29.4 kcal/mol) falls
within the same energetic range. Additionally, the formation of PhEtOTf was studied more closely,
showing that it is energetically less favorable compared to the formation of BhnOTf(AG!(0->P) =33.4
kcal/mol). The following substitution of OTf with BnOH or PhEtOH resulted in a energetic barrier
of AG*(P->Rpheton) = 33.8 kcal/mol for the attack of PhEtOH and AG*(P->Rgnon) = 34.2kcal/mol for
BnOH.
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Figure 27: Energy profile (relative Gibbs free energies (AGs73k, toluene [kcal/mol]) for the formation
of BnOTf followed by the nucleophilic attack of BnOH (purple)or PhEtOH (green). Reactant and
product complexes are labeled with an apostrophe. The sum of the reactant energies is taken as
a reference (0.0 kcal/mol). Level of theory: DLPNO-CCSD(T)-CPCM(toluene)/def2-TZVP//wB97XD-
CPCM(toluene)/def2-SVP.
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Figure 28: Energy profile (relative Gibbs free energies (AGs73 k. toluene [kcal/mol]) for the formation
of PhEtOTf followed by the nucleophilic attack of BnOH (orange) or PhEtOH (blue).Reactant and
product complexes are labeled with an apostrophe. The sum of the reactant energies is taken as
a reference (0.0 kcal/mol). Level of theory: DLPNO-CCSD(T)-CPCM(toluene)/def2-TZVP//wB97XD-
CPCM(toluene)/def2-SVP.
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8 Conclusion

An in silico investigation was carried out to examine the zirconocene catalyst ZrCp,OTf,-THF and
its possible involvement in direct alcohol substitution, resulting in an etherification reaction. To
ensure an accurate description of the catalytic system, a benchmark study was performed to de-
termine a reliable theoretical model. Furthermore, prior to any mechanistic studies, several zir-
conocene complexes were compared to identify the catalytically important species. The investi-
gation revealed that the exchange of triflate ligands is an unfavorable process. Additionally, NBO
charges analysis did not indicate any significant activation of BnOH or PhEtOH after their coordina-
tion to the complex. Based on these results, different mechanistic pathways have been considered:

1. Athorough examination of an Sy2-like reaction, involving the coordination of an alcohol to
the complex followed by an attack by a second alcohol, was carried out. However, this mech-
anistic pathway was found to be energetically unfavourable. Moreover, the addition of water
to facilitate proton transfer not only failed to lower the reaction barrier but also had the op-
posite effect.

2. Additionally, the investigation delved into the C-O bond cleavage of BnOH coordinated to
a zirconocene triflate. However, it was determined that the formation of a carbocation in
this context had an even higher energy barrier than the previously studied nucleophilic
substitution-like reaction. Furthermore, the formation of a BnOTf species following the men-
tioned C-O bond cleavage was found to be energetically unfavourable as well.

3. An alternative approach with the hydrolysis of ZrCp,OTf,-THF leading to the release of HOTf,
which could act as the actual catalyst, was also studied. It was indeed found that HOTf can
catalyze the reaction by protonating the alcohol, thereby activating it for the subsequent nu-
cleophilic attack by a second alcohol. Furthermore, it was demonstrated that an OTf anion is
also capable of performing this nucleophilic substitution reaction. The subsequently formed
triflate can also be attacked by a second alcohol in a feasible range to produce the ether as
a product. For all reactions, it was shown that BnOH is preferred to act as the electrophile,
and PhEtOH as the nucleophile.

Considering all these results, this theoretical investigation suggests that ZrCp,OTf,- THF functions
as a precatalyst which is able to release HOTf, which in turn can catalyze the reaction as a Brgnsted
acid. However, a comprehensive understanding of the complete mechanism requires a detailed
examination of the precise pathway leading to HOTf in the composition reaction. Furthermore,
there is a need for experimental evidence supporting the formation of HOTf.
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9 Appendices

Table 3: Absolute difference of experimentally measured and theoretically calculated Zr-Cl, Zr-Cp,

Zr-OTf, and Zr-THF bond lengths with different levels of theory.

Level of Theory Zr-Cl Zr-Cp Zr-OTf Zr-THF
PBEO-D3/def2-SVP 0.009 0.007 0.037 0.029
PBEO-D3/def2-SVPD 0.001 0.002 0.013 0.017
PBEO-D3/def2-TZVP 0.009 0.01 0.013 0.021
B3LYP-D3/def2-SVP 0.002 0.039 0.033 0.026
B3LYP-D3/def2-SVPD 0.018 0.034 0.005 0.011
B3LYP-D3/def2-TZVP 0.007 0.045 0.004 0.019
wB97XD/def2-SVP 0.006 0.011 0.022 0.030
wB97XD/def2-SVPD 0.022 0.008 0.005 0.019
wB97XD/def2-TZVP 0.007 0.014 0.005 0.023
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Table 4: Absolute difference of experimentally measured and theoretically calculated Cl-Zr-Cl, Cp-
Zr-Cp, and fTO-Zr-OTf bond angles with different levels of theory.

Level of Theory Cl-Zr-Cl Cp-Zr-Cp fTO-Zr-OTf
PBEO-D3/def2-SVP 1.4 0.2 4.8
PBEO-D3/def2-SVPD 14 0.3 5.4
PBEO-D3/def2-TZVP 1.2 0.3 5.3
B3LYP-D3/def2-SVP 11 0.3 5.5
B3LYP-D3/def2-SVPD 1.1 0.4 6.2
B3LYP-D3/def2-TZVP 1.0 0.4 6.0
wB97XD/def2-SVP 1.0 0.4 4.6
wB97XD/def2-SVPD 1.2 0.7 5.0
wB97XD/def2-TZVP 0.6 0.8 4.8

Level of Theory Zr-Cl Zr-Cp Zr-OTf Zr-THF

wB97XD-SMD/def2-SVP 0.006 0.011 0.022 0.003
wB97XD-CPCM/def2-SVP 0.002 0.008 0.023 0.031

Table 5: Absolute difference of experimentally measured and theoretically calculated Zr-Cl, Zr-Cp,
Zr-OTf, and Zr-THF bond lengths with different solvation models.

Level of Theory Cl-Zr-Cl Cp-Zr-Cp fTO-Zr-OTf
wB97-SMD/def2-SVP 4.6 0.4 1.0
wB97XD-CPCM/def2-SVP 4.4 0.36 0.7

Table 6: Absolute difference of experimentally measured and theoretically calculated Cl-Zr-Cl, Cp-
Zr-Cp, and fTO-Zr-OTf bond angles with different solvation models.
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