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Abstract: In this work, we investigated the catalytic effects of a Sharpless dimeric titanium
(IV)—tartrate—diester catalyst on the epoxidation of allylalcohol with methyl-hydroperoxide con-
sidering four different orientations of the reacting species coordinated at the titanium atom (reactions
R1-R4) as well as a model for the non-catalyzed reaction (reaction R0). As major analysis tools,
we applied the URVA (Unified Reaction Valley Approach) and LMA (Local Mode Analysis), both
being based on vibrational spectroscopy and complemented by a QTAIM analysis of the electron
density calculated at the DFT level of theory. The energetics of each reaction were recalculated at the
DLPNO-CCSD(T) level of theory. The URVA curvature profiles identified the important chemical
events of all five reactions as peroxide OO bond cleavage taking place before the TS (i.e., accounting
for the energy barrier) and epoxide CO bond formation together with rehybridization of the carbon
atoms of the targeted CC double bond after the TS. The energy decomposition into reaction phase
contribution phases showed that the major effect of the catalyst is the weakening of the OO bond to be
broken and replacement of OH bond breakage in the non-catalyzed reaction by an energetically more
favorable TiO bond breakage. LMA performed at all stationary points rounded up the investigation
(i) quantifying OO bond weakening of the oxidizing peroxide upon coordination at the metal atom,
(ii) showing that a more synchronous formation of the new CO epoxide bonds correlates with smaller
bond strength differences between these bonds, and (iii) elucidating the different roles of the three
TiO bonds formed between catalyst and reactants and their interplay as orchestrated by the Sharpless
catalyst. We hope that this article will inspire the computational community to use URVA comple-
mented with LMA in the future as an efficient mechanistic tool for the optimization and fine-tuning
of current Sharpless catalysts and for the design new of catalysts for epoxidation reactions.

Keywords: Sharpless Epoxidation; Unified Reaction Valley Approach (URVA); local vibrational
mode theory; reaction mechanism; bond strength analysis; methy-hydroperoxide epoxidation
of allylalcohol

1. Introduction

Epoxides (also known as oxiranes) are classes of compounds with two carbon atoms
connected to an oxygen atom forming a three-membered ring (3MR). Due to the ring
strain and polarization of the C-O bonds in the 3MR, the epoxide group is highly reactive,
making epoxides valuable chemical intermediates stretching from organic synthesis and
catalysis [1-5], the design of polymers and materials, e.g., based on natural terpene epox-
ides [6] to their use as raw materials in various industries producing fine chemicals for
pharmaceuticals, fragrances, food or other agricultural products [7-16]. Ethylene oxide
and propylene oxide are among the highest volume products in our industry, with annual
production rates of 15 and 3 Mt per year, respectively [1]. The major source of epoxide inter-
mediates is the epoxidation of olefins [17-22]. In nature, there exist various enzymes that
are capable of oxidizing target substrates with high selectivity to produce epoxides [23-26].
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Optically enriched epoxides are important heterocyclic intermediates for enantioselec-
tive synthesis [27-29], including natural and bioactive products [2,30], or agrochemicals,
such as fungicides, herbicides, insecticides and pheromones [8]. A pure enantiomeric
product is even more important in pharmaceutical industry, where high enantiomeric
excess is needed due to the different physiological effects that one enantiomer can show
after interacting with a chiral biological target [14,16,31-34].

There are different routes for the synthesis of epoxides, such as oxidation of alkenes [35]
or the reaction of alkenes with peroxides [36,37] or often supported by catalysts [1,7].
The epoxidation of allyl alcohols with peroxides leads to important raw materials for the
production of glycerol and is also used as a precursor to many specialized compounds,
such as flame-resistant materials, drying oils and plasticizers [38].

In 1980s, a breakthrough in the asymmetric epoxidation of primary and secondary allylic
alcohols was achieved by Katsuki and Sharpless, who reported the enantioselective synthesis
of 2,3-epoxyalcohols in the presence of hydroperoxide, (mostly t-butylhydroperoxide, TBHP),
a titanium (IV) isopropoxide (O'Pr),) catalyst and a chiral diethyl tartrate (DET) [39,40].

This pioneering work, for which Sharpless was awarded with the 2001 Nobel Prize
in Chemistry [41] has inspired the field since then [14,29,30,42-53], leading to a variety of
modified and new catalysts for the asymmetric epoxidation [12-14,27,33,54—60], including
the Jacobsen-Katsuki epoxidation [61], the Prilezhaev reaction [7,10], or the Shi expox-
idation [62], to mention a few, and in 2021 to another Noble Prize in Chemistry being
awarded to Benjamin List and David MacMillan for their development work in asymmetric
organocatalysis [63].

As sketched in Figure 1a the stereochemistry of the product is promoted via the chiral
dimeric Ti complex formed via rapid ligand exchange of (O'Pr) and DET controlling the
chirality of the epoxidation reaction [39,40,64]. As depicted in Figure 1b, the catalyst mimics
a heterogenous surface with the oxidant peroxide binding to the Ti center on one side and
the allylic alcohol on the opposite site. Via an 57°~coordinate transition state (TS) the peroxide
oxygen bound to Ti is transferred to the CC double bond of the allylic alcohol to be attacked
and the resulting epoxide is formed with more than 90% enantiomeric excess [39,40].

(R,R)-diethyl tartrate (+)-DET
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Figure 1. Sharpless asymmetric epoxidation (a) General scheme; (b) Dimeric Sharpless titanium(IV)
model catalyst for the methyl-hydroperoxide oxidation of allylalcohol studied in this work.
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Compared to the large number of experimental studies published, theoretical work
elucidating mechanistic details of the Ti-tartrate catalyst at the atomistic level is still
sparse [64—70]. According to the previous theoretical studies based on the orbital analysis,
a spiro orientation of TS is preferred over a planar orientation. Two important interactions
in the reaction complex (RC) were identified, (i) the interaction between a lone pair of
the peroxide oxygen atom with a 7t* orbital of the alkene and (ii) the interaction of a
TiO antibonding orbital with a 7 orbital of the alkene [65]. Wu and Lai dismissed the
monomeric mechanism proposed by Corey [66,71].

The dependence of the catalytic activity on the bulky peroxide and the tartrate ligands
was discussed as well as solvent effects on diastereoselectivity [69]. Although these are
valuable insights, still missing is a comprehensive understanding on how the catalyst
efficiently supports the attack of the peroxide to the CC double bond; a prerequisite for
fine-tuning of existing and the design of new Sharpless-type catalysts.

Therefore, in this work, we investigated the main reaction step of the epoxidation
cycle, which involves OO bond cleavage of the peroxide group, the transfer of the O atom
from the peroxide to the CC double bond of the allylic group and the formation of two
CO bonds leading to the epoxide of the final product [54] for the epoxidation of methyl—-
hydroperoxide and allyl alcohol using the dimeric Ti model catalyst shown in Figure 1b.
Four different orientations of the reacting species were considered labeled as R1, R2, R3
and R4 in Figure 2. The initial catalyst geometry was taken from the x-ray structure of the
complex of reaction R4 [44].

In order to better understand the catalytic effect of the titanium(IV) dimer catalyst,
we also investigated the non-catalytic epoxidation reaction. The non-catalyzed reaction
between methyl-hydroperoxide and allylic alcohol leads to the formation of hydrogen
bonds between these molecules and as such to a quite different mechanism than that of the
catalyzed reaction, particularly in the entrance channel, which makes a direct comparison
with the catalyzed reactions difficult. Therefore, as a simplified model of the non-catalyzed
reaction, we chose the reaction between methyl-hydroperoxide and propene, which is
labeled as reaction RO in Figure 2.

/CaHS
----- —0
RO /Ob H—Ca R :-CONH,
™  H,C,—CH
CqH3
oc-C H
OC‘Cde Cde
| b
/CaHs OH o HeCe=Cot O oH c ' o
R1 ( 75/— K—o-}ﬁéo R3 K—oﬁ/—
—_— P
0/~
—/\\L 0 —r&
NH, Ha RO R NH; Ha
H c/—\c H 0,-0
2%¢c b a— UYp a
1
CyH2
3
CH ch /c H,
. ( 715/— K jﬁi R4 K 7%,4
e Rt
NH, I j— —(a; _a
b’
ch/ 2C H, )
3 0a=0 Pa
HzCL/ o HaCy HsCa

Figure 2. Schemes of the chemical reactions investigated in this study. R0: non-catalyzed reaction,
R1-R4: catalyzed reactions with different orientation of the reactants coordinated at one of the Ti atoms.
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The major focus of our study was to explore how the catalyst changes OO bond
breaking and CO bond forming compared to the non-catalyzed epoxidation reaction.
As major tools we applied the Unified Reaction Valley Approach (URVA) [72] and the Local
Mode Analysis (LMA) [73], both based on vibrational spectroscopy, complemented with
Bader’s Quantum Theory of Atoms in Molecules (QTAIM) [74-77] and the Natural Bond
Orbital (NBO) analysis [78-80]. The manuscript is structured in the following way; first
computational details are presented followed by the results and discussion part. Conclusion
are summarized in the final part of the manuscript.

2. Computational Methods

We utilized URVA to monitor and analyze the OO bond breakage and the formation
of the new CO bonds during the epoxidation reaction. A comprehensive review of URVA
is presented in Ref. [72] and the theoretical background of URVA is further described in
Refs. [81-83]; therefore, in the following, only some essential features are summarized.
URVA analyses a chemical reaction along a representative reaction path, which is traced out
by the reaction complex (RC), i.e., the union of reacting molecules on the potential energy
surface (PES) during its way from the entrance channel via the transition state (TS) to the
exit channel of the reaction.

As the reaction proceeds, the electronic structure of the RC changes, which is registered
by vibrational modes perpendicular to the long amplitude motion along the reaction path
spanning the so-called Reaction Valley. As described in the seminal Miller, Handy and
Adams paper on the Reaction Path Hamiltonian, these transverse vibrational modes couple
with the translational motion along the reaction path and the sum of all coupling elements
defines the scalar reaction path curvature [84].

Hence, any chemical changes involving electronic structure reorganizations, such as
bond formations, bond cleavages or conformational changes, are reflected by changes in the
scalar reaction path curvature, leading to a specific curvature pattern with curvature maxima
(defining the locations of chemical change along the reaction path) flanked by curvature
minima (defining locations of minimal electronic structure changes, often reflecting the
beginning of a new chemical event and/or the locations of hidden intermediates [85]) dividing
the entire reaction path into chemically meaningful reaction phases. In this way, the reaction
path curvature profile can be considered as the so-called finger print of the reaction [85,86].

The scalar curvature is decomposed into geometrical components representing bond
lengths, bond angles, dihedral angles, puckering coordinates, pyramidalization angles,
etc. [81] providing detailed information about which part of the RC is involved in a certain
chemical event. A positive sign of a contribution of a particular component to the reaction
curvature corresponds to a supporting effect of this component to the electronic structure
reorganization from the reactant to product along the reaction path, and a negative sign
indicates a resisting effect.

Only chemical events occurring before the TS contribute to the energy barrier, and
thus the careful analysis of the curvature peaks in the entrance provides useful infor-
mation on how to lower the barrier [72]. Some selected applications including enzyme
studies demonstrating how URVA unravels even small mechanistic details can be found in
Refs. [82,85-94].

We used LMA, which is also based on vibrational spectroscopy, in order to complement
the URVA results via a comprehensive bond strength analysis of the peroxide OO bond,
the emerging CO bonds, the CC double bond of the alcohol as well as the three TiO bonds
(catalyzed reactions ) and alternatively the OH bonds and hydrogen shift (non-catalyzed
reaction) at the stationary points on the PES (i.e., reactant complex, TS and product com-
plex) for each of the five reactions investigated. The theoretical background of LMA,
originally developed by Konkoli and Cremer [95-99] can be found in a comprehensive
review article [73].
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The local vibrational modes of a molecule can be considered as the local counter-
parts of normal vibrational modes, which are generally delocalized due to electronic and
mass—coupling [100,101], disqualifying related normal mode stretching force constants as
individual bond strength descriptors. In contrast, local vibrational stretching force con-
stants derived from uncoupled local vibrational modes directly reflect the intrinsic strength
of a chemical bond and/or weak chemical interaction [73,102].

LMA has been effectively used to characterize covalent bonds [86,102-113], hydrogen
bonding [114-122], halogen bonding [123-129], pnicogen bonding [129-132], chalcogen
bonding [111,129,133], tetrel bonding [134] and to characterize specific properties, such
as a BH. - - v interaction [135,136], an aromaticity index [137-139], a metal electronic pa-
rameter [120,125,138,140-144] and a vibrational Stark effect [145]. LMA has also been
successfully applied in combined QM/MM calculations [91,146-148], and periodic DFT
calculations [149,150].

Local mode force constants k* can be transformed into bond strength orders (BSO), which
are more chemically intuitive bond strength descriptors by using a power relationship according
to the generalized Badger rule with BSO = A*(k")® [86,151]. The parameters A and B are
obtained from two reference molecules for each bond type under investigation, with known
BSO and k? values and the requirement that the BSO for a zero force constant k* is also zero.

In our study, we used the following reference molecules and data summarized in Table 1:
for OO bonds H,O, (BSO = 1, k? = 4.169 mDyn/A) and O, (BSO = 2, k* = 12.968 mDyn/A);
for CC bonds, CHg (BSO = 1, k = 4.141 mDyn/A) and C;Hy (BSO =2, k* = 9.910 mDyn/A);
for CO bonds, CH30H (BSO =1, k* = 4.905 mDyn/ A) and CH,O (BSO = 2, chose TiOH
(BSO = 1.1543, k* = 3.301 mDyn/A) and TiO (BSO = 2.3034, k* = 7.979 mDyn/A) as reference
molecules, where Mayer bond orders were used instead of single and double bonds [152-154].
Those values were used to calculate the A and B parameters for each bond type, which are
presented in the corresponding plots URVA plots. The local mode force constants k? of the
reference molecules were calculated at the B3LYP/6-31G(d,p)/SDD(Ti) level of theory.

Table 1. The molecule, bond length d, local mode force constant k?, bond strength order BSO and
energy density at the bond critical point Hp, for the reference molecules. B3LYP/6-31G(d,p)/SDD(Ti)
level of theory.

Single Bond Double Bond
Bond Molecule d k? BSO H, Molecule d k? BSO H,
A mDyn/A Hr/Bohr? A mDyn/A Hr/Bohr?
CC C,oHg 1.530 4.141 1 —0.1932 CoHy 1.330 9.910 2 —0.3932
CcO CH3;0H 1.418 4.905 1 —0.3719 CH,;0 1.207 13.607 2 —0.6883
(e]6] H,0, 1.456 4.169 1 —0.2203 O, 1.214 12.968 2 —0.6305
TiO TiOH 1.804 3.301 1 —0.0265 TiO 1.612 7.979 2 —0.1628
OH H,O 0.965 8.216 1 —0.5882 FH! 1.150 1.203 0.5 —0.1951

LMA was complemented with QTAIM, which provides additional bonding details
via the topological features of the total electron density p(r) [74-77]. QTAIM allows
assessing the covalent character of bonds using the Cremer—Kraka criterion of covalent
bonding [155-157]. The criterion is based on two conditions, a necessary and a sufficient
one. The necessary condition requires the existence of a bond path and a bond critical
bond critical point p of the electron density between the two atoms under consideration.
The sufficient condition requires that the energy density H, at the bond critical point
is negative.
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H, is defined as: H, = G, + V,,, where G, is the kinetic energy density and V, is the
potential energy density. A negative V, corresponds to an accumulation of the electron
density, whereas a positive G, corresponds to a depletion of the electron density [156]. As a
result, the sign of H, indicates which term is dominant [157]. Therefore, for H, < 0, the
interaction is considered as covalent in nature, whereas for H, > 0, the interaction has
predominantly electrostatic character.

We used the intrinsic reaction coordinate (IRC) path of Fukui [158] as the reaction
path. Al IRC calculations were performed with the improved reaction path following the
procedure of Hratchian—Kraka [159], which allows us to accurately trace the reaction path
and its curvature far into the entrance and exit channel and leads to reliable vibrational
frequencies along the IRC, which are needed to span the reaction valley. The stationary
point calculation and the IRC procedure were performed with DFT using the B3LYP
functional [160-163] combined with the 6-31G(d,p)/SDD(Ti) basis set [164-166].

The energetics of the investigated chemical reactions were recalculated by performing
single point energy calculations at the DLPNO-CCSD(T)/def2-TZVP level of theory [167,168],
based on DFT geometries and applying thermochemical corrections from the DFT calcu-
lations. The DFT calculations were performed with Gaussian [169], and the single point
energy calculations with DLPNO-CCSD(T) were done using ORCA [170]. The URVA anal-
ysis was conducted with the program pURVA [171]. The LMA analysis was done with
the LModeA program [172]. The atomic charges along the reaction path were calculated
using the NBO program [78]. The QTAIM analysis was performed with the AIMALL
program [173].

3. Results and Discussion

In the following, the energetics, the reaction path properties along the reaction path
and a chemical bond analysis are presented for each of the reactions R0-R4. Reaction
movies RO-R4 illustrating the movement of the atoms for each RC during the epoxidation
process can be found in the Supplementary Materials.

3.1. Energetics

Table 2 presents the activation and reaction energies as well the activation and reaction
enthalpies of reactions R0-R4 investigated in our study based on DFT calculations using
the B3LYP/6-31G(d,p)/SDD(Ti) level of theory. All energies/enthalpies are given relative
to the last point on the IRC (van der Waals complex). Table 2 also shows single point
DLPNO-CCSD(T)/def2-TZVP energies and enthalpies based on the DFT geometries.

For the DLPNO-CCSD(T) enthalpies, thermochemistry corrections were taken from
the corresponding DFT calculations. The following discussion of the energetics is based on
the results of the DLPNO-CCSD(T) calculations. According to Table 2, the activation energy
of the non-catalyzed reaction R0 has a value of 38.1 kcal/mol, which is almost 100% larger
than the activation energies of the catalyzed reactions with values in the range between 22.3
and 24.4 kcal/mol, thus, showing a substantial effect of the catalyst. The smallest activation
energies were obtained for reactions R3 and R4 (22.3 and 22.5 kcal/mol, respectively),
where the orientation of the reacting species is opposite relative to that in reactions R1 and
R2 (see Figure 2) with a slightly larger activation energy value of 24.4 kcal /mol.

All five reactions are exothermic, the non-catalyzed reaction R0 has (with a value of
—48.0 kcal /mol) the largest exothermicity compared to the catalyzed reactions with values
in a range between —39.9 and —41.9 kcal/mol. According to our results as presented in
Table 2, the activation enthalpies of all reactions are generally smaller than the activation
energies, while the reaction enthalpies are less negative, showing small thermal effects on
the overall energetics of the investigated reactions. The energy barriers show the overall
effect of the catalyst; however, they do not provide mechanistic details, which will be
discussed in the next section based on URVA.
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Table 2. Activation and reaction energy E”, Er and activation and reaction enthalpy H?, Hg (kcal/mol)
of reactions R0-R4 investigated in this study. All energies/enthalpies are given relative to the last
point on the IRC (van der Waals complex). B3LYP/6-31G(d,p)/SDD(Ti) and DLPNO-CCSD(T)/def2-
TZVP levels of theory.

DFT DLPNO-CCSD(T)

Reaction E“ ERr H* Hg E“ ERr H“ Hgr
RO 38.6 —46.0 36.4 —44.7 38.1 —48.0 35.8 —46.6
R1 21.2 —43.2 19.9 —42.8 24.4 —41.9 23.2 —41.5
R2 22.6 —40.6 21.2 —39.7 24 .4 —40.3 23.1 —39.3
R3 19.6 —40.7 18.3 —40.3 22.3 —39.9 20.9 —39.6
R4 21.1 —40.6 19.8 —40.1 22.5 —40.4 21.2 —40.0

Table 3 shows the relative energies of reactants, TSs and products for reactions R1-R4
with regard to the corresponding stationary points of reaction R3 based on the DLPNO-
CCSD(T)/def2-TZVP levels of theory. Reaction R3 has the most stable reactant of the four
reactions R1-R4, followed by R2, R4 and R1 (relative energies of 0.5, 1.1 and 2.1 kcal/mol,
respectively), although the energy differences are small. Similarly, the TS of reaction R3 is
energetically lower by 4.2 kcal/mol relative to that of R1, by 2.6 kcal/mol relative to that
of reaction R2 and 1.2 kcal/mol relative to that of reaction R4, respectively.

Energy differences among the four products are only marginal. In summary, reaction
R3 has the most stable reactant, TS and product compared to the other reactions, which
is a cumulative effect of the most effective electrostatic interaction between the positively
charged H atom of the reacting species (the methyl group of methyl-hydroperoxide and
the propene group of allylalcohol) and the negatively charged oxygen atoms of the catalyst,
which are in closer proximity in the orientation of the reacting species of reaction R3, an
observation that could be further explored in future catalyst tuning efforts.

Table 3. The relative energies (kcal/mol) of reactants, TSs and products for R1-R4 taking reaction R3
as a reference. DLPNO-CCSD(T)/def2-TZVP levels of theory.

Reaction Reactant TS Product
R1 2.1 4.2 0.1
R2 0.5 2.6 0.1
R3 0.0 0.0 0.0
R4 1.1 1.2 0.6

3.2. Reaction Mechanism

Reaction RO: Selected reaction properties along the reaction path obtained from the URVA
analysis of reaction RO are presented in Figure 3. The URVA analysis of the non-catalyzed
reaction RO starts the entrance channel from a van der Waals complex. According to
our calculations, the methyl-hydroperoxide approaches the allyl alcohol via the OH oxy-
gen, which is closer to the methyl substituted carbon of the CC double bond (Figure 2).
This is followed by the cleavage of the peroxide OO bond, the elongation of the CC dou-
ble bond and the formation of the O,C; and O,C. epoxide bonds (see movie RO of the
Supplementary Materials and Figure 2).

According to the curvature profile in Figure 3b, the reaction is composed of 11 phases
with the first two phases being devoted to the proper alignment of peroxide and alcohol.
In phase 4, the OO bond of the peroxide group starts to cleave, which is reflected by a
supporting contribution of the O,0O,, distance to the large reaction path curvature peak
in this phase (red line in Figure 3b), whereas the formation of the new CO bonds starts
already in phase 3 with smaller resisting contributions to this curvature peak (O,C; bond
blue line and O,C, bond green line in in Figure 3b).
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The starting process of OO bond breakage is in line with the change of the O,0;, bond
length, which starts to elongate in phase 4, as shown in Figure 3¢, and by a change of
the O, and O, atomic charges, which become more negative in this phase, as shown in
Figure 3d. OO breakage continues in phases 5 and 6 after the TS, and the finalization of OO
bond cleavage takes place in phase 8 after the TS, denoted by a resisting contribution of the
0,0y, distance to the reaction path curvature (see Figure 3b) and by reaching the final OO
distance of 2.8 A in that phase (see Figure 3c).
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Figure 3. Properties of reaction R0 along the reaction path. (a) Energy profile, where the energy
contributions of each reaction phase to the activation energy are indicated by italic numbers. (b) De-
composition of the reaction curvature into selected geometry components. (c¢) Change of selected
bond lengths. (d) Change of selected NBO atomic charges. The curvature minima are shown as
broken vertical lines and are labeled as M1, M2 and so on. The position of TS is indicated as a dotted
line. The reaction phases are indicated by blue numbers. B3LYP/6-31G(d,p)/SDD(Ti) level of theory.

Although OO bond breakage continues in phases 5 and 6, the large curvature peaks
in these phases are dominated by formation of the O,C;, and O;C, bonds. The distances
of both CO bonds continuously decrease from their starting values of 3.2 A for O,C, and
3.5 A for O,C,, respectively, with the steepest decline in phases 3 to 6, reaching their final
values of 1.5 A at the beginning of phase 7 (see Figure 3c), in line with the finalization of
the CO epoxide bond formation indicated by large contributions of the O,C;, and O,C,
distances to the reaction path curvature in this phase. As of the asymmetric approach of
the peroxide to the alcohol, the O,;C; bond formation slightly preceeds the O,C,; bond



Catalysts 2022, 12, 789

9 of 31

formation. The C,C. bond of the alcohol changes its character from a double bond to a
single bond during the course of the epoxidation.

The corresponding CC bond elongation starts in the middle of phase 4, reaching its
final value at the end of phase 7 (see Figure 3c) accompanied by a slight decrease of the
negative C; and C, atomic charges, in line with the chemical concept that an sp? hybridized
carbon atom is more electronegative than an sp® hybridized carbon atom (see Figure 3d).
The C,C, distance contribution to the reaction path curvature in phases 4 to 7 (see a purple
line in Figure 3b) is minor, reflecting that a change from double to single bond, i.e., a
rehybriziation, requires less energy than that for bond breakage.

Interesting to note is the migration of the OyH hydrogen atom from O, to O, during
the epoxidation reaction (see reaction movie R0, Supplementary Materials), a unique
feature of the non-catalyzed reaction, which starts before TS in phase 5 with a larger
resisting contribution from the O,H distance (see a brown line in Figure 3b) representing
the necessary cleavage O,H of the bond. The migration to O, and formation of the new
O,H bond is finalized in phase 6 (see Figure 3c).

The energy profile in Figure 3a illustrates the energy contribution of each reaction
phase to the total activation energy. The preparation phases 1 and 2 contribute with
1.1 kcal/mol and phase 3 where CO bond formation starts with 5.4 kcal/mol followed by
phase 4 with the largest contribution of 20.7 kcal /mol, mainly resulting from OO bond
cleavage with smaller contributions from CO bond formation. Phase 5 up to the TS adds
another 11.4 kcal/mol, mainly from OH bond breakage with smaller contributions from
CO bond formation. In the following sections, the catalyzed reactions are discussed with
a focus on showing how the titanium catalyst changes the mechanism to lower the high
activation energy of the non-catalyzed reaction, which is in the range of 40 kcal/mol, by
almost 100%.

Reaction R1: The dimeric titanium(IV)-catalyzed epoxidation reaction R1 starts in the
entrance channel from a van der Waals complex, where both the methyl-hydroperoxide
and the allyl alcohol are coordinated to one of the Ti atoms leading to a hexacoordinate
titanium environment, as depicted in Figure 2, with a TiO;, distance of 1.881 A , a slightly
longer TiO, distance of 2.156 A, and a TiO, distance of 1.794 A connecting the alcohol to
the metal (see Table 4, showing that both the TiO; as well as the TiO. bonds are well in the
range of the reference TiO single bond of TIOH with a TiO distance of 1.804 A), whereas the
TiO, bond with the migrating oxygen atom is already elongated. (For comparison, the TiO
bond distance of the TiO double bond of the TiO reference molecule is 1.612 A) [174,175].
Selected reaction properties along the reaction path obtained from the URVA analysis of
reaction R1 are presented in Figure 4. The corresponding reaction movie R1 can be found
in the Supplementary Materials.

The overall curvature pattern resembles that for the non-catalyzed reaction R0. There
are nine distinct reaction phases as shown in Figure 4b. Phases 1-2 are dominated by the
rotation of the allylalcohol bringing the CC double in an optimal position for the interaction
with the peroxide oxygen (see reaction movie R1, Supplementary Materials). In phases
3 and 4, CO bond formation starts (O;C; bond blue line and O,C. bond green line in
Figure 4b) followed in phase 5 by the characteristic peak dominated by the start of OO
bond breakage (red line in Figure 4b).

Although starting from a significantly larger distance than that found for reaction R0
(3.8-4.2 A compared with 3.1-3.5 A, respectively) both CO bonds are finalized in phase 6
almost synchronously, which is reflected in the large curvature peak, with the O,C, bond
formation being slightly ahead of the O,Cj, bond (see reaction movie R1, Supplementary
Materials and Figure 4c) in line with the fact that the 77 lobe of the more electronegative C,
carbon is larger than that of the less electronegative C;, carbon —0.4 e versus —0.05 at the
beginning of phase 6 see (Figure 4d). Furthermore, the change of the CC double bond to a
CC single bond is finalized in this phase (purple line in Figure 4b).

As this happens after the TS, these events do not contribute to the energy barrier.
As for the non-catalyzed reaction, the major chemical event contributing to the energy
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barrier is the cleavage of the peroxide OO bond. Interesting to note is that the starting OO
distance is slight longer for reaction R1 compared to reaction R0 (1.467 A versus 1.456 A ,
respectively; see Table 4) and less covalent (H, of -0.2034 Hr/Bohr® and -0.2187 Hr/Bohr?,
respectively), suggesting that the attachment to the Ti atom already weakens the OO bond.
The TiO, distance decreases in phase 4 from the original value of 2.156 A to its final value
of 1.779 A reached at the end of phase 6 (see Figure 4c); this increasing TiO, interaction also
supports OO bond breakage.

Table 4. Bond length d, local mode force constant k? and corresponding bond strength order BSO
and energy density at the bond critical point Hy, for selected bonds of the reactant van der Waals
complex, TS and product of the van der Waals complex for reactions R0-R4, investigated in this
study. For atom labels, see the text and Figure 2. BSLYP/6-31G(d,p)/SDD(Ti) level of theory.

Reactant TS Product
Bond d K BSO H, d K BSO H, d K BSO H,
A mDyn/A Hr/Bohr® A mDyn/A Hr/Bohr® A mDyn/A Hr/Bohr®

RO
0,0, 1.456 3.939 0.966 —0.2187 1.977 0.377 0.230 0.0090 2.799 0.234 0.172 -
0,Cy 3.148 0.066 0.054 - 1.623 0.273 0.141 —0.0980 1.449 3.575 0.807 —0.3029
0,C. 3471 0.047 0.043 - 2.195 0.465 0.202 - 1.444 3.789 0.839 —0.3082
CCe 1.337 9.507 1.935 —0.3846 1.413 4.903 1.144 —0.2994 1.469 5.307 1.218 —0.2305
O,H 0.977 7.363 0.961 —0.5863 0.971 7.774 0.980 —0.6059 1911 0.185 0.255 —0.0015
O,H 1.889 1.352 0.522 - 1.882 0.109 0.210 - 0.974 7.445 0.965 —0.5828

R1
0,0, 1.467 3.730 0.934 —0.2034 1.799 0.460 0.260 —0.0101 3.420 0.036 0.055 -
0,Cy 4.259 0.024 0.027 - 2171 0.150 0.094 - 1.425 4.063 0.880 —0.3437
0,C. 4.637 0.021 0.025 - 2.075 0.111 0.076 0.0012 1.449 3.667 0.821 —0.3008
C,Ce 1.333 9.673 1.962 —0.3927 1.361 8.160 1.714 —0.3607 1.469 5.293 1.215 —0.2293
TiO, 1.881 2.778 1.009 —0.0303 1.947 1.934 0.760 —0.0173 3.453 0.056 0.048 -
TiO, 2.156 0.653 0.325 - 1.974 1.808 0.721 —0.0096 1.779 3911 1.318 —0.0430
TiO, 1.794 3.261 1.143 —0.0356 1.849 2.430 0.908 —0.0297 1.820 3.025 1.078 —0.0290

R2
0,0, 1.468 3.677 0.926 —0.2017 1.827 0.478 0.266 —0.0052 3.576 0.031 0.050 -
0,Cy 4.257 0.025 0.028 - 2.229 0.136 0.088 - 1.431 3.893 0.855 —0.3332
0, C, 3.846 0.011 0.016 - 2.013 0.166 0.100 —0.0040 1.439 3.917 0.858 —0.3179
C,C, 1.333 9.661 1.960 —0.3919 1.363 8.021 1.691 —0.3581 1.468 5.312 1.219 —0.2303
TiOy 1.876 2.925 1.050 —0.0313 1.942 1.880 0.743 —0.0167 3.694 0.047 0.041 -
TiO, 2.238 0.456 0.245 - 1.987 1.685 0.682 —0.0085 1.788 3.705 1.264 —0.0407
TiO, 1.791 3.524 1.215 —0.0402 1.857 2.438 0911 —0.0329 1.822 3.076 1.092 —0.0343

R3
0,0, 1.468 3.661 0.924 —0.2012 1.812 0.420 0.246 —0.0079 3.600 0.026 0.045 -
0,Cy 4.106 0.046 0.042 - 2.208 0.136 0.088 - 1.431 3.934 0.861 —0.3342
0,Cc 3.552 0.028 0.030 - 2.062 0.148 0.093 —0.0003 1.441 3.871 0.851 —0.3147
C,C, 1.333 9.659 1.960 —0.3921 1.362 8.151 1.713 —0.3601 1.467 5.348 1.225 —0.2309
TiOy 1.879 2.819 1.020 —0.0303 1.948 1.859 0.736 —0.0158 3.878 0.062 0.051 -
TiO, 2.249 0.393 0.218 - 2.003 1.572 0.646 —0.0080 1.799 3.466 1.199 —0.0391
TiO, 1.779 3.705 1.264 —0.0361 1.839 2.782 1.010 —0.0340 1.803 3.324 1.161 —0.0311

R4
0,0, 1.469 3.658 0.923 —0.2005 1.808 0.440 0.253 —0.0080 3.866 0.016 0.033 -
0,Cy 4.209 0.025 0.028 - 2.180 0.128 0.084 - 1.429 3.959 0.865 —0.3367
0,C. 3.780 0.011 0.016 - 2.077 0.124 0.082 0.0011 1.440 3.889 0.854 —0.3154
CpCe 1.332 9.710 1.968 —0.3934 1.361 8.211 1.723 —0.3611 1.467 5.367 1.229 —0.2314
TiO, 1.877 2.861 1.032 —0.0308 1.962 1.654 0.672 —0.0142 4.031 0.042 0.038 -
TiO, 2.258 0.380 0.213 - 1.989 1.673 0.678 —0.0098 1.795 3.554 1.223 —0.0397
TiO, 1.785 3.644 1.247 —0.0390 1.844 2.732 0.995 —0.0336 1.808 3.386 1.178 —0.0352

In contrast to reaction RO, the final OO distance for reaction R1, although shorter
(1.799 A versus 1.977 A, respectively), is reached at the end of the reaction in phase 9,
synchronized with the elongation of the TiO; distance (yellow line, Figure 4c). Another
mechanistic difference between the non-catalyzed and catalyzed reaction is that instead
of a hydrogen migration involving OH cleavage, which contributes to the same extent
to the energy barrier as the later, the TiO, bond has to be cleaved (the shorter of the two
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TiO bonds), and the O, atom of the methyl-hydroperoxide has to be placed on top of the
allylic C,C. double bond of the alcohol to initiate the attack of the CC double bond and the
formation of the new O,C; and O,C, epoxide bonds.
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Figure 4. Properties of reaction R1 along the reaction path. (a) The energy profile, where the

energy contributions of each reaction phase to the activation energy are indicated by italic numbers.

(b) Decomposition of the reaction curvature into selected geometry components. (c) The change of the

selected bond lengths. (d) The change of the selected NBO atomic charges. The curvature minima are

shown as broken vertical lines and are labeled as M1, M2 and so on. The position of TS is indicated as
a dotted line. The reaction phases are indicated by blue numbers. B3LYP/6-31G(d,p)/SDD(Ti) level

of theory.

The TiO, distance remains fairly constant over the whole reaction (bond distance
range between 1.794 and 1.820 A; see Table 4), i.e., the alcohol is more or less fixed in the
coordination sphere of the Ti atom, which makes the migration of the Oy, easier and also
guarantees stereoselectively. All three TiO bonds contribute to the reaction path curvature
peak in phase 5 to some extent, however, less than the OH bond of the allyl alcohol in the
non-catalyzed reaction.

Furthermore, breaking an OH bond is energetically more demanding than breaking a
TiO bond [174,175]. A final interesting observation revealed in particular by the reaction
movie R1 (Supplementary Materials) is that the second Ti(DET) of the dimeric titanium
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catalyst does not become involved in the actual epoxidation reaction—its major role is to
form the catalytic surface.

The energy contribution of each reaction phase to the total activation energy shown
in the energy profile in Figure 4a provides further details on the energy balance of the
catalyzed reaction R1. The preparation phases 1 and 2 contribute with 1.7 kcal/mol,
followed by 6.3 kcal/mol in phases 3 and 4 mainly resulting from CO bond and cleavage
with smaller contributions from TiO, bond cleavage, which is substantially less than the
11.4 kcal/mol of phase reaction R1 resulting dominantly for OH cleavage with smaller
contributions from the CO bond formation.

The largest difference is, however, the contribution to the curvature peak being domi-
nated by OO bond breakage, 13.2 kcal/mol versus 20.7 kcal /mol (catalyzed versus non-
catalyzed). In summary, URVA reveals that the major activity of the dimeric titanium
complex is the weakening of the OO bond to be broken, smoothly guiding the attacking
peroxide oxygen atoms to the CC double of the alcohol and exchanging the expensive OH
bond cleavage in the non-catalyzed reaction with TiO bond cleavage. In the following,
the influence of the relative orientation of peroxide and alcohol on the dimeric titanium
catalyst are further elucidated.

Reaction R2: In reaction R2, the peroxide stays in the same position as in R1, i.e., above the
surface spanned by the dimeric titanium catalyst, with the alcohol on the opposite side.
However, the orientation of -CH; and the -CHCH—2O- parts of the allylalcohol is switched,
thereby, positioning the -CH), parts to the inside of the catalyst (see Figure 2). As revealed
by the curvature profile Figure 5b, the overall mechanism of reaction R2 is similar to that of
reaction R1.

There are 10 reaction phases, with one large curvature peak before the TS in phase 4,
dominated by the start of OO bond breakage and with smaller contributions from the TiO
bonds preceded by three phases orienting the dominated by the rotation of the allylalcohol
bringing the CC double bond into an optimal position for interaction with the peroxide
oxygen (see reaction movie R2, Supplementary Materials) and the start of the epoxide bond
formation (O, Cj, bond blue line and O,C. bond green line in Figure 5b.) One reason for the
shorter preparation (3 phases instead of four phases as for R1) is that whereas the starting
0, C,, distances are almost equal in both reactions (4.259 A versus 3.846 A for reactions R1
and R2, respectively; see Table 4), the starting O,C, distance in reaction R2 is considerably
shorter (4.637 A versus 4.257 A for reactions R1 and R2, respectively; see Table 4 and
Figure 5¢).

This leads to a more asynchronous finalization of the epoxide bonds in reaction R2
as reflected in two distinct curvature peaks; one in phase 5 dominated by the O,C, bond
followed by a separate peak in phase 6 dominated by the O,C;, bond (see Figure 5b).
However, these events take place after TS as with reaction R1, i.e., they do not affect the
energy barrier, which is reflected in the similar activation energies (21.2 and 22.6 kcal/mol,
for R1 and R2, respectively).

Reaction R3: In reaction R3, the allylalcohol is oriented as in reaction R1, i.e., with the -CHj
group to the outside of the catalyst; however, the peroxide and the allylalcohol switch sides,
now with the allylalcohol above the surface spanned by the dimeric titanium catalyst and
the peroxide below (see Figure 2). Again, the overall mechanism of the epoxidation reaction
is the same as for reactions R1 and R2, as shown by the reaction profile in Figure 6b. Being
placed above the surface spanned by the dimeric titanium catalyst makes it easier for the
allylacohol to rotate into the best position for the interaction with the peroxide oxygen (see
movie R3 of the Supplementary Materials).

Both epoxide CO distances at the start of the reaction are with 4.106 A for 0,C, and
3.552 A for O C, found to be the shortest of all four reactions, which is reflected by the
fact that the preparation phases of the reaction R3 contribute to only 4.5 kcal /mol to the
energy barrier (see Figure 5a) compared to an energy contribution of 8.0 and 8.6 kcal/mol
for reactions R1 and R2, respectively. This leads to the overall smallest energy barrier of
22.3 kcal/mol found for all four reactions, although the contribution to the start of the
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OO bond breaking is with 15.1 kcal/mol higher than that for R1 and R2 with 13.2 and
14.0 kcal/mol, respectively.

30 T | Tty 7ol VPSR T T 08 J | L R R ™ [N [
M1, M2,M3, TSiM4, M6 M7 M8 M9, . M1: M2:M3| TS; 1M5, :MG :M7 :MS M9, '
. T 7 I S i VT . el
! | 14.0 P _CaHs L 2 069
1 [ 1 o Lo <
i ; I —O0—Ti—Q 1 n 5
- : @ e d [ o 8
E ' s pa t e o (e It
= 1 o R Op 1o °
g e -
= [ o\ L 11 ® 0.2
5 LR R ] Eo
5:3 [ i\ HCe™ e 1o 3
”J AN .-
S 04
L iy
[ 1 1 1o €N
[ 1 1 1o
[ 1 1 1o
L 1 1
30 4iis el i}

-0.24

i 1
Dl s @ 3 5161 7 1 8 T |3
-20 -10 0 10 20
Reaction parameter s (amu'’2 Bohr) Reaction parameter s (amu'’2 Bohr)
a) b)
u5] MU M2iM3l TSi!Ms M6 M7 iMe Mol | 150 M1l M2iM3! TS M5! IM6 M7 M8 M9l
=] Y P M4 1 i CaHa! M103 : —— M4 CaHs M10;
. : a
Pt ng el 1o EE i
1 ('/ / 1 H 1.0 Ob__oa T [ —0—Ti—-0 1
i o—n—o—/ P ‘—-0—Ti-0 | | R ( ’ Z_/ o
< i o - = 5 (/ /_/l ' Vb Yo=Ti—0 P
< 1 / EN 1 T & O=Ti=0 o o O| [
< ' oz P o 051 | I o /N Yy
kS 1 | o] o)) HC,—CcH, " o1 HCb—|CCH2 T
S ! ! b ] | é [ o | o [
> 1 1 [ G H,Cq™™ ¢, Cy : : : : : HoCy™™ ¢ v Ce : :
2 1 1o o 0+------ L___f__L__I_____I cI—T===—E=—===3Zc====3==
; N L H] 8 i e
i ' i : ' P i —— N i i N
i i I - .
! ! T e = p T VY- 0 S S 7 Y =
i R : } i 0 d P o
1 1 2 131 15160 7 1 8 1 9 10 10d 1 v 2 i3 110l
1.0 T 1 T 1 1 1 1 1 T L ll 1 1 T 1 . 1 1 r T 1 1
-20 -10 0 10 20 -20 -10 0 10 20
Reaction parameter s (amu'”? Bohr) Reaction parameter s (amu'’? Bohr)

c) d)

Figure 5. Properties of reaction R2 along the reaction path. (a) The energy profile, where the
energy contributions of each reaction phase to the activation energy are indicated by italic numbers.
(b) Decomposition of the reaction curvature into selected chemical bonds. (c) The change of the
selected bond lengths. (d) The change of the selected NBO atomic charges. The curvature minima are
shown as broken vertical lines and are labeled as M1, M2 and so on. The position of TS is indicated as
a dotted line. The reaction phases are indicated by blue numbers. B3LYP/6-31G(d,p)/SDD(Ti) level
of theory.

The finalization of the O,C. and O,C; epoxide bonds occurs for reaction R3 less
synchronously than for reaction R1 although the O,C. bond is finalized in phase 6 and the
0O, Cy bond in phase 7 (see Figure 6b), in line with the changes of the corresponding bond
lengths (see Figure 6c) and changes of the corresponding atomic charges (see Figure 6d).

Similarly to reactions R1 and R2, the C;C. bond is changing its character from double
to single bond between phases 5 and 7, and the TiO; bond cleavage starts in phase 5,
which is shown in Figure 6b—d. Interesting to note are the two large curvature peaks
in phases 8 and 9 being dominated by the finalization of OO and TiO; bond breakage
accompanied by the rotation of the peroxide into its final position. These two peaks are
more pronounced as for the reactions R1 and R2 in line with the increasing final distances
OO0 distances (3.420 A for reaction R1,3.694 A for reaction R2 and 3.600 A for reaction R3,
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respectively) and the final TiO, distances (3.453 A for reaction R1,3.576 A for reaction
R2 and 3.878 A for reaction R3, respectively).
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Figure 6. Properties of reaction R3 along the reaction path. (a) The energy profile, where the
energy contributions of each reaction phase to the activation energy are indicated by italic numbers.
(b) Decomposition of the reaction curvature into selected chemical bonds. (c) The change of the
selected bond lengths. (d) The change of the selected NBO atomic charges. The curvature minima are
shown as broken vertical lines and are labeled as M1, M2 and so on. The position of TS is indicated as
a dotted line. The reaction phases are indicated by blue numbers. B3LYP/6-31G(d,p)/SDD(Ti) level
of theory.

However, since these events happen after the TS, these differences do not influence
the reaction barrier. Interesting to note is that the catalyzed OO bond breakage appears to
occur in two distinct steps (i.e., quasi-quantized) in contrast to the non-catalyzed reaction
with an almost linear increase of the OO distance, which we have also observed for other
catalyzed reactions [72].

Reaction R4: This reaction is the counterpart to reaction R3 with the -CH, group to the
inside of the catalyst. The reaction profile is similar to that of the reaction R3 (see Figure 7b)
indicating switching the position of the -CH, group to the inside of the catalyst does not
have a major mechanistic influence. There is one different nuance right at the beginning
of the reaction; starting with distances of 4.209 A for 0,C, and 3.780 A for O,C, at the
beginning of the reaction, both CO distances first increase in phase 2 (see Figure 7c) in line
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with a pronounced curvature peak being dominated by a resisting contribution of both OC
bonds (see Figure 7b) although the contribution of this phase to the activation energy is
with 0.5 kcal/mol only minor.
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Figure 7. Properties of reaction R4 along the reaction path. (a) The energy profile. (b) Decomposition
of the reaction curvature into selected chemical bonds. (c) The change of the selected bond lengths.
(d) The change of the selected NBO atomic charges. The curvature minima are shown as broken
vertical lines and are labeled as M1, M2 and so on. The position of TS is indicated as a dotted line.
The reaction phases are indicated by blue numbers. B3LYP/6-31G(d,p)/SDD(Ti) level of theory.

The total contribution of the preparation phases 1—4 to the activation energy is
5.8 kcal/mol and that of phase 5 dominated by the start of OO bond breaking 15.3 kcal/mol
of the activation energy (see Figure 7a) summing up to the second largest barrier of
22.5 kcal/mol. Similarly for reaction R3, the finalization of the O.C; and O,C;, bonds
formation in reaction R4 takes place almost synchronously, with the O,C.; bond being
finalized in phase 6 and the O,C;, bond being finalized in phase 7 (see Figure 7b).

The C,C. bond changes its character between phases 5 and 7, and the TiOj, bond starts
to break in phase 5 of the reaction, which is confirmed in Figure 7b—d. As suggested by the
reaction movie R4 (Supplementary Materials) and the smaller curvature peaks in phases
8-10, the final breakage of the OO and TiO;, bonds seems to be easier in reaction R4 with
the smaller -CH; group on the inside of the catalyst, also facilitating the rotation of the
epoxide group into its final position in the product van der Waals complex.
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In summary, as revealed by URVA, the chemical event mainly responsible for the
activation energy is the cleavage of the peroxide OO bond and in second order, the start of
CO epoxide bond formation accompanied by changes of the TiO bonds for the catalyzed re-
actions R1-R4 and changes of the OH bond and hydrogen migration for the non-catalyzed
reaction RO. The actual rehybridization of target carbon atoms from sp? to sp> occurs
after the transition state, which does not require energy. Different orientations of the reac-
tants on the quasi-surface spanned by the dimeric titanium(IV) catalyst affect the reaction
mechanism only marginally. In the next section, the URVA results are complemented by a
comprehensive bond strength analysis of all bonds involved in the epoxidation process,
performed at all stationary points of reactions R0-R4.

3.3. Chemical Bond Analysis

This section is devoted to the bond properties of the methyl-hydroperoxide OO bond
(O40p) to be broken, the CC (C;C.) double bond of allylalcohcol transforming into a CC
single bond in the final epoxide, the two new CO epoxide bonds (O,C;, O,C,) and the
three TiO bonds (TiO,,TiO, TiO,), evaluated at the stationary points of reactions R0-R4
(i.e., reactant van der Waals complex, TS, product van der Waals complex; sketches of the
TSs are shown in Figure 8).

Figure 8. Transition state structures of the catalyzed epoxidation reactions between methyl-
hydroperoxide and allylalcohol (R1-R4) studied in this work.

For the non-catalyzed reaction RO, instead of the TiO bonds, the corresponding OH
bonds (O,H and O,H; see Figure 2) are analyzed. The bond properties discussed in this
section include bond lengths d, intrinsic bond strengths based on local mode force constants
k? and associated BSOs, complemented with the energy density at the bond critical point H,
assessing the covalent character of the bonds. The results are summarized in Table 4, and
in Figures 9-12, general trends and correlations between these properties are illustrated.

OO bonds: Figure 9a shows the BSO values of the OO bonds calculated from the correspond-
ing local mode force constants k*(OO) utilizing the power relationship described above.
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BSO

BSO

The strongest OO bonds are found for the reactant complexes (red points) with the overall
strongest reactant OO bond for the non-catalyzed reaction R0. The weakest OO interactions
are found for the product complexes (green points). The bond strength of the TS OO bonds
(blue points) is closer to that of the products, i.e., at the TSs, the most substantial part of
OO bond breakage is achieved in line with the URVA result that OO bond breakage is the
major chemical event accounting for the activation energy.
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Figure 9. BSO as a function of k?. (a) OO bonds, (b) CC bonds, (c) O,C;, and (d) O,C. epoxide bonds
(for atom labels, see text). RnR, RnT and RnP indicate the reactant (red color), TS (blue color) and
product (green color) for reactions Rn, with n=0,- - - 4. B3LYP/6-31G(d,p)/SDD(Ti) level of theory.

Figure 9a and Table 4 data reflect that the reactant van der Waals complex of the non-
catalyzed reaction RO has the strongest OO bond of all five reactants investigated in this
work, (k"(O0) values of 3.939, 3.730, 3.677, 3.661 and 3.658 mDyn/ A, for reactions RO-R4
and corresponding BSO values of 0.966, 0.934, 0.926, 0.924 and 0.923, respectively). The
H,(OO0) value of the OO reactant bond of reaction R0 is more negative (-0.2187 Hr/ Bohr?)
than the corresponding values for the catalyzed reactions R1-R4 (-0.2034, —0.2017, —0.2012
and -0.2005 Hr/Bohr?, respectively), indicating the more covalent character of the non-
catalyzed reactant OO bond; see also Figure 11a, which shows the correlation between H,
and k* for reactants and TSs.

For the products, no OO bond critical point was found. These results are in perfect
agreement with the URVA trends found for the contribution of OO bond cleavage to the
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activation energy discussed above (20.7 kcal/mol for RO, compared with 13.2, 14.0, 15.1
and 15.3 kcal/mol, for R1-R4, respectively).
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Figure 10. BSO as a function of k?. (a—c) TiO,, TiO, and TiO, bonds (d) O,H and O,H bonds (for
atom d labels see text). RnR, RnT and RnP indicate the reactant (red color), TS (blue color) and
product (green color) for reactions Rn, with n=0,- - - 4. B3LYP/6-31G(d,p)/SDD(Ti) level of theory.

Interesting to note is the different OO bond strength decay at the TSs for non-catalyzed
versus catalyzed reactions, clearly resulting from the fact that the overall mechanism for
the non-catalyzed and catalyzed reaction is quite different and so are the TSs structures
as depicted in Figure 8. For reaction R0, the OO bond breaking process is most advanced
at the TS with a d(OO) value of 1.977 A and a BSO of 0.230 compared to d(OO) values of
1.799, 1.827,1.827 and 1.808 A and BSO values of 0.260, 0.266, 0.246 and 0.253 for R1-R4,
respectively, (see Table 4). As revealed by the H,, values, at the TSs, the OO bond no longer
has a covalent character for all five reactions.

In the case of the product van der Waals complexes, there is still some weak OO
interaction for the non-catalyzed reaction R0 (d(O0) =2.799 A and BSO = 1.72, respectively,
compared to close to the zero OO interaction in the catalyzed reactions with d(OO) distances
larger than 3.4 A and BSO values less than 0.055. As shown in Figure 13 correlating k?(OO)
and d(OO), there is some trend (R? = 0.9372) that the shorter OO bond is also stronger.

CC bonds: Figure 9b shows the bond order changes during the transformation of the CC
double of the reactant allylalcohol into the CC single bond of the epoxide product. Reactant
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BSO(CC) values are close to 2 (red points), and product BSO(CC) values are close to 1.2 (i.e.,
typical values for CC epoxide bonds, which are generally somewhat stronger than aliphatic
CC single bonds [176,177]). TS BSO (CC) values are in the range of 1.7, i.e., closer to the
reactant values in line with the URVA results that the finalization of CC bond lengthening
occurs after the TS.
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Figure 11. Correlation between energy density and local mode force constant. (a) OO bond, (b) CC
bond, (c) O,C; bond and (d) O,C. bond. RnR, RnT and RnP indicate the reactant (red color), TS (blue
color) and product (green color) for reactions Rn, with n=0,- - - 4. B3LYP/6-31G(d,p)/SDD(Ti) level
of theory.

There is one distinct outlier in Figure 9b, the TS of the non-catalyzed reaction, which
not only lies outside the TS cluster but also has the weakest CC bond (BSO =1.144) of all CC
bonds investigated in the work, which again is a result of the unique TS structure of the non-
catalyzed reaction RO, (see also Figure 8.) As depicted by the data in Table 4 the CC bond
strength of the reactant of R0 is with k*(CC) =9.507 mDyn/ A and BSO = 1.935 close to the
values found for the catalyzed reactions R1-R4 (k”(CC) values of 9.673, 9.661, 9.659 and
9.710 mDyn/ A, respectively, and BSO values of 1.935, 1.962, 1.960 and 1.968, respectively).

The same holds for the CC bond strength of the products, which are with
k*(CC) =5.307 mDyn/ A and BSO = 1.218 close to the values found for the catalyzed
reactions R1-R4 (k?(CC) values of 5.293, 5.312, 5.348 and 5.367mDyn /A, respectively, and
BSO values of 1.215, 1.219, 1.225 and 1.229, respectively).
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Figure 12. Correlation between energy density and local mode force constant. (a—c) TiO,, TiO, and
TiO, bonds and (d) O,H and O,H bonds. RnR, RnT and RnP indicate the reactant (red color), TS
(blue color) and product (green color) for reactions Rn, with n=0,- - - 4. B3LYP/6-31G(d,p)/SDD(Ti)
level of theory.

However, this is no longer true for the TS; k*(CC) =4.903 mDyn/ A and BSO =1.114 for
reaction RO compared to k?(CC) values of 8.16, 8.021, 8.151 and 8.211 mDyn/A, respectively,
and BSO values of 1.714 1.691, 1.713 and 1.723, respectively, for reactions R1-R4. This is
also reflected in the energy density values. The TS H,(CC) value of RO is with a value
of —0.2994 Hr/Bohr> much smaller than those for reactions R1-R4 (-0.3607, —0.3581, —0.3601
and -0.3611 Hr/Bohr?, respectively; see also Figure 11b). This illustrates that local mode
force constants are very sensitive to the electronic structure environment of the bond under
consideration [73].

In the non-catalyzed reactant, both carbon atoms Cj, and C, are sp? hybridized, while
in the product, both adapt a hybridization close to sp?, which is typical for three-membered
rings [177-179], with a TS hybridization in between. The O, atom is more or less equally
centered over the CC bond in the TSs of the catalyzed reactions, as reflected in the O,C,
and O,C, distance pairs of 2.171 and 2.075 A, 2.229 and 2.013 A, 2.208 and 2.062 A as well
as 2.180 and 2.077 A, respectively, for R1-R4, being slightly closer to C..

In the TS of the non-catalyzed reaction, the Oy, atom is much closer to the C; atom (1.623
and 2.195 A) leading to a more unbalanced change of the hybridization (i.e, the C. carbon
keeps its initial hybridization sp? longer, while the C;, carbon changes its hybridization
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quicker to sp3, because of the stronger interaction Oy, and, as such, to an unbalanced electron
density distribution as reflected in the local mode force constant.

Interesting to note is that this is not seen in the corresponding CC bond lengths
d(CC) of 1.337 A, 1.413 Aand 1.469 A for the reactant, TS and product) showing a normal
trend as also reflected in Figure 13b. In this regard, the CC bond of the TS of the non-
catalyzed reaction RO is another example that the shorter bond is not always the stronger
bond [96,97,99,110,112,180,181].

CO bonds: There are two new epoxide CO bonds formed during the epoxidation reaction.
Figure 9¢,d show the BSO values for the O,C; and the O,C, bonds, respectively. In both
cases, there are three clusters of points. The strongest CO bonds are found for the products
(in green) with very weak, almost zero interactions for the reactants (read points) and with
the TS cluster (blue) close to the reactant cluster, confirming the URVA results that CO bond
formation starts before the TS and, as such, contributes in second order to the reaction
barriers, whereas the actual finalization of these bonds occurs well after the TS.

The overall pattern is the same for both graphs with two clear differences, (1) the
TS OpC. bond (Figure 9d) and (2) the product O,C, bond (Figure 9c) of reaction R0 are
somewhat separated from the corresponding clusters of the catalyzed reactions, reflecting
the (i) different approach mechanism of the attacking peroxide oxygen, which, as discussed
above, leads to a different TS topology and (ii) the different epoxide product formed.

As shown in Table 4, the product CO bonds of reaction R0 have k?(O,C;) =3.575 mDyn/ A
and BSO = 0.807 and k*(O,C.) =3.789 mDyn/ A and BSO = 0.839, i.e., the O,C, is slightly
stronger than the O,C; bond. The corresponding values for the catalyzed reactions R1-
R4 are: k%(0,Cp) = 4.063 mDyn/A and BSO = 0.880, k*(0,C.) = 3.667 mDyn/A and
BSO = 0.821; k*(0,C;) = 3.893 mDyn/A and BSO = 0.855, k%(O,C,) =3.917 mDyn/A and
BSO = 0.858; k*(0,C;) = 3.934 mDyn/A and BSO = 0.861, k%(O,C,) =3.871 mDyn/A and
BSO =0.851; and k*(O,C},) = 3.959 mDyn/A and BSO = 0.865, k*(O,C.) =3.889 mDyn/A and
BSO = 0.0.854, respectively.

For reaction R2, as for RO, the (O,Cy) is slightly stronger, whereas for R1, R3 and
R4, the (O,C,) is the stronger bond. Smaller bond strength differences between (O,Cy)
and (O,C,) relate to a more synchronous formation of both bond. Again, in this regard,
the local mode force constants are a sensitive tool monitoring the different electronic
environment caused by the different orientation of the peroxide and allylalcohol on the
catalyst. Figure 11c,d show the corresponding H,(O,Cy) versus k*(0,Cp) and H,(O,C,
versus k?(O,C,) correlations, where the high R? values are somewhat misleading because
they result from a smaller dataset.

No bond paths were found for the reactants or even for some of the TSs; see Table 4.
As reflected in the bond length versus bond strength plots (see Figure 13c,d), there is a
trend that the shorter CO bonds are also the stronger bonds with moderate R? values of
0.8666 and 0.8884, respectively, mainly deteriorated by the non-catalyzed reaction RO0.

TiO bonds: The catalyzed epoxidation reactions R1-R4 involve three TiO bonds: TiO,, which
coordinates the OCHj part of the methyl-hydroperoxide; TiO., which coordinates the
OCH;, part of the allylalcohol; and mechanistically the most important TiOy, coordinating
the O, atom of the peroxide transferred to the CC double bond of allylalcohol for the
epoxide bond formation (see Figure 2). The different roles of these TiO bonds are reflected
in the different BSO patterns shown in Figure 10a—c. TiO, bonds can be considered as
spectator bonds fixing the allylalcohol during the epoxidation reaction.

This is reflected by smaller variations in the bond strength (see Figure 10c), stronger
bonds with BSO values ranging from 1.143 to 1.264 for reactants (red points), slightly
weaker bonds with BSO values between 1.078 and 1.178 for products (green points) and
the TSs with BSO values between 0.908 and 1.010, without distinct cluster formation.
As depicted in Figure 11c, there is no correlation between H,(TiO,) and k*(TiO). Bond
length changes d(TiO,) are small, varying only between 1.78 and 1.86 A (see Figure 14c).
Figure 14a,b show the BSO curves for TiOy, and TiO,, respectively. As seen before for OO
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and CO bonds, there are three clusters of points corresponding to reactants (red points),
TSs (blue points) and products (green points).
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Figure 13. Correlation between bond lengths and local mode force constants. (a) OO bond, (b) CC
bond, (c) O,C, bond and (d) O,C. bond. RnR, RnT and RnP indicate the reactant (red color), TS (blue
color) and product (green color) for reactions Rn, with n=0,- - - 4. B3LYP/6-31G(d,p)/SDD(Ti) level
of theory.

As notable from these plots, the strength of the TiO;, and TiO, reactant and product
bonds change during the epoxiation reaction in a complementary way; i.e., there are only
weak TiOj, interactions in the product, with the two O,C; and O,C. bonds fully developed
and stronger TiOp, bonds in the reactants. On the contrary, there are stronger TiO, bonds
in the products with the OCHj3 part the methyl-hydroperoxide fully coordinated and
weaker and longer TiOj, bonds in the reactants (see also Figure 14a,b) facilitating TiO, bond
breaking and the move of O, towards the CC double bond.

The same complementarity is also shown in the energy density plots Figure 12a,b where
it has to be considered that no bond critical points were found for the product TiO, bonds
and for the reactant TiOj, bonds, respectively. Interesting to note is that the TiO, and TiO,
bonds at the TS are of similar strength and covalent character, as reflected in the data
in Table 4 and the corresponding plots. This all shows that the Sharpless catalyst does
much more than weakening the OO bond to be broken. It carefully orchestrates the whole
epoxidation event.
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Figure 14. Correlation between bond lengths and the local mode force constants. (a—c) TiO;, TiO,
and TiO. bonds (d) O,H and O,H bonds. RnR, RnT and RnP indicate the reactant (red color), TS
(blue color) and product (green color) for reactions Rn, with n=0,- - - 4. B3LYP/6-31G(d,p)/SDD(Ti)
level of theory.

OH bonds: The non-catalyzed reaction R0 involves besides OO bond breakage and breakage
of the OH peroxide bond (O,H), followed by hydrogen migration and the formation of a
new OH bond (O,H), as sketched in Figure 2, a process that, according to URVA, results
adds considerably to the activation energy. As shown by the data in Table 4, the O,H
bond of the methyl-hydroperoxide reactant has a d(O,H) distance of 0.977 A ke (OpH) of
7.363 mDyn/ A, BSO of 0.961 and H, of -0.5863 Hr/ Bohr?, i.e., typical values of a covalent
OH bond [116].

Interesting to note is that at the TS the O, H bond becomes slightly shorter and stronger:
d(OyH) = 0.971 A, Kk (OyH) =7.774 mDyn/ Aand BSO = 0.980 and more covalent with
H, = -0.6059 Hr/ Bohr?® before reaching the final values of d(O,H) = 1.911 A, k(O H) =
0.185 mDyn/A, BSO = 0.255 and H, = -0.0015 Hr/Bohr® being typical of a very weak
hydrogen interaction [116]. The O,H distance in the reactant is 1.889 A and a k%(O,H) value
of 1.352 mDyn/A and BSO value of 0.522 denoting already some interaction, although no
bond O,H bond critical point was found.

In the TS, the O,H interaction becomes even weaker ( k*(O,H) = 1.109 mDyn/ A and
BSO = 0.210) although O,H distance has slightly decreased to 1.882 A. Again, no bond critical
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point was found. In the product, the covalent O,H bond is fully developed with a O,H distance
of 0974 A, k*(O,H) = 7445 mDyn/A, BSO = 0965 and H,(O,H) = -0.5828 Hr/Bohr® holding
the product van der Waals complex together via weak, electrostatic O,H interactions (see also
Figures 10d, 12d and 14d).

4. Conclusions

We investigated, in this work, the catalytic effect of a Sharpless dimeric titanium
(IV)—tartrate—diester catalyst on the epoxidation of allylalcohol with methyl-hydroperoxide
considering four different orientations of the reacting species coordinated to one of the Ti
atoms (reactions R1-R4) as well as a model for the non-catalyzed reaction (reaction R0). As
major analysis tools, we applied URVA and LMA, both based on vibrational spectroscopy,
complemented by QTAIM analyzing electron density features at the DFT level of theory.
The energetics of each reaction were recalculated at the DLPNO-CCSD(T) level of theory.
The most important findings of our study can be summarized as follows.

*  The dimeric Ti catalyst mimics a surface typical of the heterogenous catalysis, thereby,
facilitating a stereospecific reaction. Both ends of the peroxide OO bond coordinate
with the Ti atom. The metal atom polarizes the oxygen atoms, facilitating OO bond
breakage. The dimeric Ti catalyst smoothly channels the peroxide oxidant into a
central position for the attack of the CC double bond of the allyl alcohol, which is
coordinated in such a way as to allow allyl group rotations for optimal orientation.

e Asrevealed by URVA, the overall curvature patterns were similar for all reactions

investigated in this work. The chemical event mainly responsible for the activation
energy was the cleavage of the peroxide OO bond and, in second order, the start of CO
epoxide bond formation accompanied by changes of the TiO bonds for the catalyzed
reactions R1-R4 and changes of the OH bonds for the non-catalyzed reaction R0. The
actual rehybridization of target carbon atoms from sp? to sp® occurs after the transition
state, which does not require energy.
The same holds for the finalization of the new CO epoxide bonds; therefore, catalyst
optimization should predominantly focus on improving OO breakage. Different
orientations of the reactants on the quasi-surface spanned by the titanium catalyst
affect the reaction mechanism only marginally, mostly with regard to the degree of the
synchronicity of CO bond finalization, which may be different for both hydroperoxides
and/or allylic alcohols with bulky substituents.

*  The strong catalytic effect of the Sharpless catalyst in reducing the unfavorable acti-
vation energy of 38 kcal/mol in the non-catalyzed reaction to 22-24 kcal/mol in the
catalyzed reaction is documented by the analysis of the energy contribution of each
reaction phase (before the TS) to the activation energy barrier. The energy contribution
of the dominant OO curvature peak to the activation energy barrier is reduced from
20.7 kcal/mol, in the non-catalyzed reaction to 13-15 kcal/mol, in the catalyzed reac-
tion. In addition, the energy contribution of the OH curvature peak of 11.4 kcal/mol
in the non-catalyzed reaction is replaced by small energy contributions of the TiO
curvature peaks in the catalyzed reaction.

¢ The complementary LMA analysis at all stationary points quantifies that the OO
bond of the oxidizing peroxide is weakened upon coordination at the metal atom
facilitating OO bond breakage. A more synchronous formation of the new CO epoxide
bonds correlates with smaller bond strength differences between these CO bonds,
illustrating that the local mode force constant serves as a sensitive tool monitoring the
different electronic environments caused by the different orientation of the peroxide
and allylalcohol on the catalyst. LMA also elucidates the different roles of the three
TiO bonds; TiO,, coordinating the OCHj part of the methyl-hydroperoxide; TiO,,
coordinating the OCHj part of the allylalcohol; and the mechanistically most important
TiOy, coordinating the Oy atom of the peroxide being transferred to the CC double
bond of allylalcohol for the epoxide bond formation.
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The TiO, bond is identified as a spectator bond, fixing the allylalcohol during the epoxi-
dation reaction accounting and versus weaker TiO, product bonds versus weaker reac-
tant TiO, and stronger TiO, product bonds, with almost equally strong TiO, and TiO,
bonds at the TS. This shows that the Sharpless catalyst does much more than weaken-
ing the OO bond to be broken—it carefully orchestras the entire epoxidation event.

We hope that this article will inspire the computational community to use in the future
URVA complemented with LMA as a mechanistic tool for optimization and fine-tuning of
current Sharpless catalysts and for the design new of catalysts for epoxidation reactions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12070789/s1, containing reaction movies R0-R4 and the
Cartesian coordinates of the stationary point, i.e, the reactant van der Waals complex, TS and product
of the van der Waals complex for all five reactions R0O-R4.
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