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Reaction Pathway Discrimination in Alkene Oxidation
Reactions by Designed Ti-Siloxy-Polyoxometalates

Teng Zhang,”™ Albert Solé-Daura,” Hugo Fouilloux,” Josep M. Poblet,” Anna Proust,”

Jorge J. Carb6,*" and Geoffroy Guillemot*®

Titanium complexes of silanol functionalized polyoxometalates
(THA);[SbW,4035(RSiO);Ti(OPr)]  (Ti-SiloxPOMs) catalyze alkene
oxidation with tert-butyl hydrogen peroxide (TBHP). However
catalytic activity and product distribution in the oxidation of
allylic alcohols are shown to depend on the steric surrounding
generated by the SiloxPOM (R='Bu, 'Pr, "Pr). Combined
experimental and computational studies clarify how steric
repulsions between the oxidant (‘Bu group) and the surround-
ing SiloxPOM govern the reaction pathways leading either to
oxidation of the alcohol function (R='Bu) or to alkene

Introduction

Titanium has a long history in oxidation reactions, paved with
important dates. In 1980, Sharpless and Katsuki reported the
“first practical method’ for enantioselective epoxidation of allylic
alcohols by tert-butyl hydrogen peroxide." This achievement
was of great synthetic value and led to the following
considerations and discoveries: first, the addition of bidentate
ligands, such as diols, to titanium alkoxide forms stable chelate
complexes that exhibit increased catalytic activity compared to
the parent compound (called as “ligand acceleration”).”
Second, the use of optically active diols, such as dialkyl tartrate,
as chiral ligands, induces high enantioselective epoxidation
process. Finally, the presence of water is detrimental and
epoxidation has to be carried out in the presence of water
scavengers, i.e. molecular sieves.

Precisely, substitution of Ti for Si in the framework of
hydrophobic zeolites, first reported by Taramasso etal. in
1986, resulted in the emergence of heterogeneous catalysts of
practical use for the liquid-phase oxidation of organic com-
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epoxidation (R="Pr). Moreover, another consequence of this
steric repulsive interactions is that outer-sphere mechanisms
become competitive with the inner-sphere ones (coordination of
allylic alcohol), whether for the oxidative dehydrogenation
reaction or for the epoxidation reaction. In the case of
unfunctionalized olefins (linear and cyclic) we show that
reducing the bulkiness surrounding the active site leads to
higher conversion to epoxide, emphasizing that these Ti-
SiloxPOMs may behave as structural and functional models for
metal single-site in Ti-Silicates.

pounds at laboratory and industrial scale, particularly propene
to propene oxide using H,0, as the terminal oxidant®” The
catalytic performances of crystalline microporous titanium-
silicalites TS-1 are particularly associated to the structural
peculiarities of the silica lattice, among which hydrophobicity
nature and pore size of the internal channel system are the
most relevant,® along with the formation of the reactive
hydroperoxo moiety, either on isolated titanium sites®'” or on
dinuclear sites."" Indeed, strong physisorption of small apolar
substrates is favored whereas water remains outside the pores
(in the liquid phase) thus limiting hydrolysis of the isolated
active titanium center. Conversely, the hydrophilicity of meso-
porous Ti/SiO, more often results in leaching process and loss
of activity.

We have recently reported that tris-silanol decorated
polyoxotungstates (SiloxPOMs) represent interesting ligands to
mimic the coordination environment of the tetrahedral defec-
tive open-lattice [(=Si—0);Ti(OH)] sites that are expected to
prevail in TS-1.1%"¥ They have been built on the polyoxometa-
late [SbW,031°", a B-type [Y(W;0,,);]°" platform commonly
obtained with pyramidal Y heteroatoms (Y=As, Sb, Bi). In
reaction with alkyl-trichlorosilanes, the polyoxotungstic frame-
work enables to structure a set of three rigid and preorganized
silanol functionalities in a C; symmetry that reproduce the
chemical and exact geometry environment found in crystobal-
lite (as a model for silica)."*"® This significant peculiarity makes
these SiloxPOMs realistic models to prepare soluble analogues
of titanium(IV)-silicalite oxidation catalysts. An important feature
associated to these systems is the possibility to tune the steric
hindrance around the metal active site by modifying the size of
the alkyl substituents at the silane functionalities. Figure 1
displays the titanium derivatives that we used for these studies:
[SbW405,(RSi0);Ti(OPr)]*~ (R="'Bu, 'Pr, "Pr) prepared as tetrahex-
yl ammonium salts (THA). Decreasing the steric hindrance
around the titanium center (from ‘Bu to "Pr) makes the metal
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Figure 1. Representation of the structures of [SbW,04,(RSi0);Ti(OPr)]?

emphasizing the steric crowding generated by the R substituents : R=

Bu (1-'Bu); 'Pr

(1-"Pr); "Pr (1-"Pr). The —3 charged compounds are prepared as tetrahexylammonium salts.

center more accessible and therefore allow to modulate its level
of confinement in the pseudo-cavity. These systems are there-
fore well suited to study the impact of the confinement on the
activity/selectivity in oxidation reactions.

From our previous studies on the epoxidation of allylic
alcohols and unfunctionalized olefins by H,0,, we drew a
scheme on the possible mechanisms and set the following
conclusions. In the case of allylic alcohol (prenol), the
epoxidation proceeds through an inner-sphere mechanism, in
which the Ti-alcoholate derivative [Til-OCH,CH=C(CH,), is the
catalytic resting state, whereas in the case of unfunctionalized
olefins, an outer-sphere mechanism prevails and a Ti-hydro-
peroxide, Ti—(17°>-O0H), species acts as the resting state and the
active species (Scheme 1). Specifically, we observed that in the
former case the size of substituents at the Si atom (‘Bu vs. 'Pr vs.
"Pr) has a rather low influence on the conversion/selectivity of
allylic alcohols to epoxide whereas it appeared to have a high
impact on the accessibility of substrates to the Ti—(*OOH)
active species in the case of unfunctionalized olefins. Indeed,
decreasing the steric hindrance (from R='Bu to "Pr) makes
energetically accessible an outer-sphere O-transfer to the
alkenes but at the same time it also makes favorable the

Inner-sphere O-transfer
Allylic alcohols

Outer-sphere O-transfer
Unfunctionalized Olefins
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Scheme 1. Two different pathways for alkene epoxidation with H,0,
catalyzed by Ti—SiloxPOM complexes.
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consumption of the H,0, in unproductive ways."® It is worth
mentioning here that disproportionation of H,0, (i.e., reaction
of two molecules of H,0, at the titanium center) is one major
problem that limits efficiency and selectivity of industrial
oxidation processes.”'”

In order to avoid the non-productive decomposition of the
oxidant, and to draw a complete understanding of the effect of
steric hindrance, i.e. the effect of confinement, on the activity
and selectivity of oxidation reaction we decided to make use of
the more robust tert-butyl hydrogen peroxide (TBHP) oxidizing
agent. Our results are reported hereafter as a contribution to
this ChemCatChem special issue ‘Catalysis in Confined Spaces’.

Results and Discussion
Titanium complexes

Catalysts preparation. Preparation and characterization of the Ti-
SiloxPOM complexes sketched in Figure 1 have already been
described in a previous report™ The three complexes
(THA);[(SbW4033)('BuSiO);Ti(O'Pr)], 1-'Bu,  (THA);[(SbW,035)
(PrSiO);Ti(OPN], 1-Pr, and (THA);[(SbW,0;,)("PrSiO);Ti(OPr)],
1-"Pr, formed as monomers both in solution (NMR and DOSY
NMR studies) and in the solid state (X-ray diffraction studies). It
is worth mentioning that all our studies (experimental and
theoretical)!'>'® pointed out that the rigid trigonal preorganized
set of the silanol functions requires complexing of the metal ion
in a constrained pseudo-tetrahedral C;, geometry, and thus
makes difficult its coordination sphere expansion. This is in
sharp contrast with most commonly reported model systems,
and particularly the polyhedral oligomeric silsesquioxanes
series, where titanium(lV) can accommodate coordination
numbers ranging from 4 to 6."”'® NMR studies in solution also
showed that hydrolysis of [SbW,0,;(RSi0);Ti(O'Pr)]*~ leads to the
formation of a p-oxo bridged dimer {[SbW,0;;(RSiO);Ti],01*
(DOSY NMR and X-ray studies) in which the titanium ion retains
its 4 coordination number. When using decane solution of
TBHP as oxidizing agent we thus completely avoid the presence
of water and hydrolysis process. In that case, complexes 1 very
nicely model well-defined monomeric single-sites at a silica
surface."

© 2020 Wiley-VCH GmbH
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Catalytic conditions. In view of our previous studies with
aqueous H,0,, we anticipated the formation of a Ti(*-O0'Bu)
moiety during the reaction of 1 with TBHP in acetonitrile. Some
of us previously reported that the energy barriers for the O-
transfer promoted by [TM]—(5*-00) peroxo species correlate
with the energy of the O-O ¢ antibonding orbital, as a
descriptor of the electrophilic character of the peroxo group.
On the other hand, in [TM]—(;>-O0H) hydroperoxo compounds
the energy barriers do not follow a clear trend with the
electrophilicity of the oxidant; but instead, they correlate with
the strength of the Ti-O, bond.”” In this case, although both
the Ti-O, and the energy of the ¢*(0-0) orbital in the [Til—(*
0O0'Bu) species are rather alike to those of [Ti]—(5*>-OO0H) (see
Table S1), higher temperatures were required to achieve the
oxidation of alkenes using TBHP as oxidant, suggesting that in
this case, steric effects induced by the presence of a ‘Bu in the
structure of the oxidant may govern the reaction rate while the
electronic effects and the strength of the Ti-O bond play a
secondary role. Specifically, we proceeded at 65°C in dry
acetonitrile.

(Ep)oxidation of allylic alcohols

Figure 2 (and Table S2) gathers significant results that we
obtained in the oxidation of 3-methyl-2-buten-1-ol, an allylic
alcohol, with decane solutions of TBHP in acetonitrile at 65°C
catalyzed by complexes (THA);[SbW,0;;(RSiO);Ti(O'Pr)] (R="'Bu,
'Pr or "Pr).
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Figure 2. Representation of the formation of oxidized products (y axis), i.e.,
3-methyl-2-buten-1-ol-oxide (blue), 3-methyl-2-butenal (orange) and unde-
fined products (light gray) after 22 h of reaction at 65 °C in acetonitrile with
[catalyst] = 2.6 mM, [3-methyl-2-buten-1-ol],=[TBHP],=0.26 M. From the left
to the right, the size of the substituent at the silicon atom decreases: O;Si‘Bu,
0,Si'Pr, O;Si"Pr. The curves (dashed lines) represent the evolution of
selectivity (%) for 3-methyl-2-buten-1-ol-oxide (blue) and 3-methyl-2-butenal
(orange).
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From these results different trends can be highlighted. First,
the less bulky the R substituent, the more the conversion. This
tends to show that the mechanism does not necessarily follow
an inner-sphere mechanism, but rather an outer-sphere mecha-
nism, for which better conversion and selectivity were expected
when decreasing the steric hindrance.™ This is however not
the most striking result. If steric repulsions hamper the
formation of epoxide (left column) then oxidation of alcohol
mostly takes place and selectivity for the aldehyde 3-methyl-2-
butenal increases (Figure2, orange dashed line). Finally,
decreasing the bulkiness at the silicon atom favors epoxidation
of olefin versus alcohol oxidation (blue dashed line), the
reaction becoming highly selective towards these two products.
When using cumyl hydroperoxide (CHP) in place of TBHP as the
oxidant, similar trends in selectivity were observed (Table S2).

A first question that arises is whether the formation of the
oxidized products is centered on the titanium or not. As we
learned from our previous studies in aqueous media, i.e. using
aqueous hydrogen peroxide solutions,"? increasing the temper-
ature may promote partial decomposition of SiloxPOMs and
favor oxidation processes through a well-established metal-
peroxide process.”’ Nonetheless, when using TBHP the
absence of water prevents any hydrolysis of the POM hybrids.
As a controlled experiment we carried out the epoxidation of 3-
methyl-2-buten-1-ol by TBHP using the SiloxPOM without
titanium center, (THA);[SbW,05,(‘BuSiOH);], in the same catalytic
conditions than reported in Figure 2. No conversion to epoxide
was observed, thus confirming the absence of degradation of
the SiloxPOM scaffold. However, significant amount of aldehyde
formed, which indicates that the polyoxotungstic framework
itself may promote the oxidation of the alcohol function (see
Table S1). Thus, whereas epoxidation can be clearly assigned to
a titanium centered process, the latter oxidation of the alcohol
may proceed either through an heterolytic path oxidation
process centered on the titanium (as reported for heteroge-
neous TS-1) or through an homolytic path made possible by
the electron acceptor properties of the POM scaffold. These two
different options will be discussed by means of computational
studies in the forthcoming part.

Computational characterization of the mechanism for allylic
alcohol epoxidation

In order to rationalize the experimental results and to under-
stand how the substituents of Ti-SiloxPOM catalysts affect the
oxidation activity and selectivity with TBHP, we next performed
computational investigations (see Computational Details). Based
on our previous computational studies on the epoxidation with
H,0, by Ti-SiloxPOM catalysts,"® as well as related studies on
other Ti- and transition metal-substituted
polyoxometallates,”**>% we can define 3 possible pathways for
the epoxidation of allylic alcohols with TBHP (see Scheme 2).
Pathway (i) consists in an outer sphere O-transfer from the
[Til—(*-00'Bu) species; whereas mechanisms (ii) and (jii) involve
inner-sphere transition states in which both the oxidant and the

© 2020 Wiley-VCH GmbH
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substrate are coordinated to the Ti center after promoting the

Outer-sphere O-transfer ) o
protolytic cleavage of one of the Ti-OSi bonds.

<L ul H0~}:;< Figure 3 shows the free-energy profile for the epoxidation

0,:0 c{-'-':_o of 3-methyl-2-buten-1-ol with TBHP by 1-'Bu, and compares key

c'\‘.‘Ti\o s 0“3“\0 values with those of the corresponding H,0, reactant. Figure 4

o - () collects the structures of the transition states for the O-transfer

U U U step associated to the three pathways described above. The Ti-

b 4 TS4 isopropoxy precursor 1-‘Bu was not included in the profile since

s we have previously shown by means of experimental and

ﬂv Inner-sphere O-transfer computational techniques that its formation during the course

of the reaction is unlikely due to the low concentration of both

(;;.’\7L %% / A\ the catalyst and PrOH and the higher stability of the Ti-
T'» 05 .).0-"?' alcoholate species 2,'>"¥ which represents the resting state of
o%4 ~o i—° ?Ti"o the catalytic cycle. The interaction of 2 with TBHP can lead to

oxidant into a Ti-OSi bond (TS,.;,) causing a partial detachment

[¢) i L
U O\Q‘jﬂ (ii) @H two different processes: the insertion of the OH group of the

8 b Ts3b of the Ti from the structure of the catalyst and yielding species
TBHP 3a, in which both the #>-00Bu and the substrate remain

k )’ coordinated to Ti; or a ligand exchange (TS,.,) to generate the

)Q/‘O\ 9 / -IO”- & [Til—(17>-O0'Bu) species 4 releasing the allylic alcohol to the

= =n—° solvent. Both processes take place through similarly smooth

o (i) free-energy barriers (14.4 and 15.5 kcalmol™', respectively) and
v the formation of both intermediates 3a and 4 is slightly
3a TS3a endergonic (by 3.1 and 3.7 kcalmol™', respectively). Figures S1

and S2 show the optimized geometries for reaction intermedi-
Scheme 2. Possible mechanisms for the epoxidation of allylic alcohols by Ti- a'tes and for the transition states that connect them. The F)ack—
SiloxPOMs. The S label stands for a substrate molecule. side approach of the double bond to the 7*-0O0Bu moiety in 3a
promotes the inner sphere O-transfer through TS3a, path (iii) in
Scheme 2, resulting in a high, overall free-energy barrier of
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Figure 3. Gibbs free-energy profile (kcal mol ™) for the epoxidation of 3-methyl-2-buten-1-ol catalyzed by 1-'Bu. Black solid lines represent the inner-sphere
mechanism (ii), whereas green and black, dashed lines are associated to the outer-sphere pathway (i) and the inner-sphere pathway (iii), respectively. For
comparison, values in parenthesis correspond to the relative free energies associated to analogous transition-state structures using H,0O, as oxidant instead of
TBHP.
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TS3a
(+32.1)

TS3b
(+27.2)

Figure 4. DFT-optimized structures for TS3a, TS3b and TS4 included in the
reaction profile of Figure 2. Main distances are shown in A and relative free-
energies are given in kcalmol™". For clarity, hydrogen atoms of ‘Bu groups
are omitted and carbon atoms of the oxidant are colored in light blue.

32.1 kcalmol™ from the resting state. Thus, this pathway is
prohibitively high in energy for the 1-‘Bu catalyst, although as
discussed below, it becomes accessible to other catalytic
structures bearing smaller groups in the silanol functions. On
the other hand, species 4 can directly promote the transfer of
the electrophilic alpha oxygen in an outer-sphere fashion, path
(i) in Scheme 2, through TS4 (Figure 4). This process involves a
lower overall free-energy energy barrier of 27.4 kcalmol™' that
can be overcome at the experimental temperatures.
Alternatively, intermediate 4 can re-incorporate a molecule
of substrate through TS,.s,, (see Figure 3) overcoming a smooth

Table 1. DFT-derived overall free-energy barriers for the epoxidation of 3-
methyl-2-buten-1-ol with TBHP using 1-R (R="Bu, 'Pr and "Pr) catalysts.

AG* o [kcal mol™']

Outer-sphere Inner-sphere

Cat. (1-R) Path (i) Path (ii) Path (iii)
1-'Bu 27.4 27.2 32.1
1-Pr 255 243 27.4
1-"Pr 227 238 23.1
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barrier of 12.9 kcalmol™ to give species 3 b, which bearing a '-
OOBu group, is somewhat less stable than its configurational
isomer 3a. Nonetheless, species 3b allows the inner-sphere O-
transfer through pathway (ii), which involves the formation of
the transition state TS3b (Figure 4). The overall free-energy
barrier associated to pathway (ii) is 27.2 kcalmol™', being rather
similar to that computed for the outer-sphere mechanism (i)
(27.4 kcalmol™). Thus, we concluded that the epoxidation of
allylic alcohols catalyzed by 1-‘Bu might take place either
through outer- or inner-sphere O-transfer mechanisms (path-
ways (i) and (ii), respectively). Also, the height of the overall
free-energy barriers is in good agreement with the low
experimental conversion towards the epoxide product reported
for this catalyst (see Figure2 and Table S2). Finally, the
formation of the epoxide confers to the reaction a strongly
exergonic character (by ca. 50 kcal mol™"; see Figure S3) and the
regeneration of the resting state to close the catalytic cycle
proceeds downhill through several proton transfer and ligand-
exchange steps that occur straightforwardly without affecting
the overall reaction kinetics as discussed in detail previously."

The comparison between the free-energy barriers obtained
using TBHP and H,O, (values in parenthesis in Figure 3) as
oxidants reveals important features about the reactivity of these
compounds. As expected from the higher temperatures that are
needed to oxidize alkenes with TBHP, reaching transition state
structures for the oxygen transfer to the double bond is more
energy-demanding regardless the mechanism. Importantly,
whereas the inner-sphere pathway (jii) is clearly favored in the
oxidation of allylic alcohols with H,0, due to the release of
strain around the Ti center in the TS geometry," both the
inner- and outer-sphere O-transfer mechanisms (paths i) and ii))
become close in energy when using TBHP. This indicates that
the steric impact induced by the bulkiness of the ‘Bu group of
the oxidant is especially important in inner-sphere mechanisms
and in turn, can play a crucial role affecting the competition
between reaction pathways. In fact, the steric clash between
the ‘Bu group of the oxidant and other groups of the catalyst
and substrate can be appreciated in TS3a (see Figure 4; and
Figure S4 for more details), which is the most favorable TS in
the case of H,0, but is ca. 10 kcalmol™ higher in energy when
using TBHP; in contrast with other paths that are only shifted
up by <3 kcalmol™' (see Figure 3).

Influence of substituents bulkiness in the epoxidation of
allylic alcohols

Next, aiming to evaluate how inner- and outer-sphere epox-
idation pathways are influenced by steric effects of catalyst
substituents, we computed the overall free-energy barriers
(from the resting state to TS3a, TS3b and TS4) for the
experimentally tested 1-Pr and 1-"Pr catalysts, represented in
Figure 1. Table 1 compiles the obtained barriers and compares
them with those related to 1-'Bu. It has to be pointed out that
for R='Pr and "Pr the resting state corresponds to a structure
analogous to that of 2 but in which a molecule of TBHP is
loosely coordinated to Ti through a lone pair of the alpha

© 2020 Wiley-VCH GmbH
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OH 1-"pr OH OH OH scenario is capable of explaining the selectivity observed in this
| o o 9 y
C, C6¢C7\ (1mol %) z ij)k >O/r}\ substrate. Table 2 collects the overall free-energy barriers
/53/ 1 eq. RO,H ° obtained for the epoxidation of geraniol using TBHP and the
1-"Pr catalyst. In agreement with experimental selectivity,
0
‘BuO,H 27 %sel. 54 %sel. 19 Sessl. calculations revealed that the outer-sphere O-transfer to the 6,7
(H205) (99 %sel.) - - double bond is slightly more favorable than the fastest pathway

Scheme 3. Selectivity in the oxidation of geraniol with TBHP catalysed by
(THA);[SbW;035("PrSiO);Ti(O'Pr)], 1-"Pr. The carbon atoms of the two double
bonds in the starting geraniol are intentionally labelled for clarity.

oxygen (see Figure S5), conferring to the Ti center a distorted
trigonal bipyramid geometry. This species lies 4.0 and
2.1 kcalmol™' below 2 for R='Pr and "Pr, respectively and thus,
the overall free-energy barriers reported in Table 1 were
calculated as the energy difference between this structure and
the different transition states. All the attempts of characterizing
this species for 1-‘Bu catalyst failed because the TBHP molecule
decoordinates from the Ti during the geometry optimization
due to steric repulsions with the ‘Bu groups of the catalyst. In
agreement with the experimental results, decreasing the
bulkiness of the R substituent prevents the steric repulsions in
TS structures decreasing the height of the free-energy barriers
(going down in Table 1). Particularly interesting, we found a
mechanistic shift moving from bulky to small substituents, as
for R="Pr the outer-sphere oxidation pathway becomes
competitive with inner-sphere ones.

To further support this mechanistic shift towards an outer-
sphere we carried out the oxidation of geraniol (trans-3,7-
dimethyl-2,6-octadien-1-ol) using 1-"Pr. In the outer-sphere
path a preference for the more nucleophilic 6,7 bond (En._.=
—8.91 eV) rather than for the 2,3 one (Em._.=-9.04¢V) is
expected, whereas in the inner-sphere path a full selectivity for
2,3-epoxy is expected. As shown in Scheme 3, the oxidation of
geraniol with TBHP affords a higher selectivity for the 6,7-epoxy
geraniol rather than for the 2,3-epoxy geraniol, indicating that
indeed, the outer-sphere path governs the reactivity of 1-"Pr
with TBHP. This result contrasts with that of the epoxidation of
geraniol with H,0,, in which a 99:1 selectivity was observed for
the 2,3-epoxy geraniol according to the greater accessibility of
inner-sphere  mechanisms (see Figure 3); and it is by far
representative of the importance of the size of the R group at
the peroxide entity (H vs ‘Bu). We carried out additional
calculations with geraniol to evaluate whether our mechanistic

Table 2. DFT-derived overall free-energy barriers for the epoxidation of
the 2,3 and the 6,7 double bonds in geraniol with TBHP catalyzed by 1-"Pr.
Path AG* eran Probability
[kcal mol™] of reacting

through these

paths at 65°C
2,3-inner; path (ii) 26.2 31%
2,3-inner; path (iii) 244
2,3-outer; path (i) 25.0
6,7-outer; path (i) 236 69 %
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to oxidize the 2,3-double bond. In fact, the 69:31 ratio derived
from DFT barriers is rather consistent with the experimental 2:1
product distribution.

Origin of chemoselectivity: Aldehyde vs. epoxide formation

Figure 2 features a product selectivity discrimination as a
function of the bulkiness at the Ti-SiloxPOM. The oxidation of
allylic alcohols to unsaturated aldehydes by titanium silicalites —
as a specific case of oxidation of alcohol to ketones - is
considered to proceed through an oxidative dehydrogenation
reaction. Maspero and Romano on the basis of kinetic analysis,
have proposed that oxidation of alcohol in heterogeneous TS-1
proceeds following a concerted mechanism in which an
irreversible H-transfer from the a-carbon atom of the alcoholate
towards the distal oxygen of Ti—“OOR occurs in a transition state
consisting of a six-membered ring (related to the chair-like
conformation in Oppenauer oxidation).”™ In this context,
intermediates 3a and 3b (Scheme 2) can be considered as ideal
candidates to promote this heterolytic dehydrogenation mech-
anism. However, we were unable to find any inner-sphere
pathway that can be energetically competitive to the epoxida-
tion path when using 1-‘Bu (see Scheme S1). Alternatively, we
were able to characterize a lower-energy reaction mechanism
consisting in an outer-sphere, heterolytic hydrogen abstraction
from the allylic carbon of the substrate by the electrophilic a-
oxygen of the peroxide group in 4, provoking the cleavage of
the O—O bond and yielding the corresponding cationic allylic
alcohol. Figure 5 shows the transition state structure (TS,,4), and
Scheme 4 shows the overall, novel mechanism proposed in this
work. Here the nucleophilic character of the allylic C—H attack is
manifested through the NPA electron density transfer in the
transition state TS, about 0.4 e, from the allylic alcohol to the
peroxide complex. In agreement with the experimental prefer-
ence for the aldehyde product, the overall free-energy barrier

o ) /’K;
A 180 7
° 4'52:11
" ] " ]
O e .‘}?f " g
@ ‘\‘ ja“ ° T8,

Figure 5. DFT-optimized structure for TS, 4 responsible for the formation of
the aldehyde by-product catalyzed by 1-‘Bu. Main distances are shown in A
and relative free-energy to the resting state 2 (see Figure 3) is given in

kcal mol™". For clarity, hydrogen atoms of ‘Bu groups are omitted and carbon
atoms of the oxidant are colored in light blue.
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Scheme 4. Proposed heterolytic mechanism for the formation of the
aldehyde product (dehydrogenation) pathway catalyzed by 1-‘Bu. Relative
Gibbs free-energies are given in parenthesis in kcalmol™'.

for this process (25.7 kcalmol™") is lower than that for
epoxidation (27.2 kcalmol™"). The hydrogen transfer step is
highly exergonic and irreversible (reverse barrier of
53.6 kcalmol™). Then, the proton transfer from the cationic
allylic alcohol intermediate forms a water molecule and the
aldehyde product and regenerates catalytic species 2, as
sketched in Scheme 4. It should be pointed out that the oxygen
atoms from the siloxy ligands act as basic sites in close
proximity to the metal center and can assist the transfer of
highly mobile H™.

Table 3 compares the overall free-energy barriers for
dehydrogenation to aldehyde and epoxidation as a function of
the bulkiness of catalyst substituents (1-'Bu, 1-Pr, and 1-"Pr).
Both reactions lower continuously their overall free-energy
barriers as catalyst bulkiness is reduced, but dehydrogenation is
less sensitive to steric effects than epoxidation with energy
spans of 1.2 and 4.5 kcalmol™', respectively. These trends
explain the inversion of selectivity observed experimentally in
going from R='Bu to "Pr (Figure 2), further validating our

Table 3. Comparison of the influence of steric effects on the overall free
energy barriers for dehydrogenation and epoxidation of 3-methyl-2-buten-
1-0l.®

Entry Cat. (1-R) AG” genydrogenation AG” epoxidation””
1 1-'Bu 25.7 27.2
2 1-Pr 25.5 243
3 1-"Pr 24.5 22.7

[a] Gibbs free-energy barriers are given in kcal mol™. [b] Barriers associated
to the fastest O-transfer pathway for each catalyst.
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mechanistic proposal. In fact, the computed difference between
free-energy barriers of the two reactions are in qualitative (if
not quantitative) agreement with the experimental product
distribution. The lower dependence of the dehydrogenation
barriers on the steric hindrance can be rationalized by
comparing the structures of the different transition states (see
Figure S6). The epoxidation reaction involves the approach of
the bulkiest part of the substrate to the OOBu moiety and takes
place through a spiro-like transition state where the substitu-
ents of the alkene point towards the R groups of the catalyst.
On the other hand, the dehydrogenation proceeds through
TS.e in which only the —CH,OH group of the substrate
becomes close to the oxidant occupying the space between
two Si(‘Bu) groups and leaving the bulkier —CH=CH(CH,), part
far away from the sterically crowded region.

It is worth reminding here that such changes in selectivity
were not observed when using H,0, as an oxidizing agent,
selectivity for epoxide remaining high."™® In the present case,
the environment provided by the SiloxPOM (size of the R
substituent) discriminates the selectivity of the reaction. This
highlights the fact that the nature of the oxidant (ROOH, R=H vs
‘Bu) has an effect on the free-energy barriers of the oxidation
reactions but also, and mainly, on the shape of the reactive
intermediate that forms and on its accessibility by the organic
substrates depending on the surrounding environment, i.e.,
here, the degree of confinement. These important issues have
also been addressed in the case of Ti-containing zeolites
(microporous or mesoporous). Pore size and nature of the
surface, particularly hydrophobicity and hydrophilicity, are
known to be key factors that influence the activity in
epoxidation of alkenes (small linear, cyclic, or large organic
molecules of interest for production of fine chemicals) when
using either aqueous H,0, or bulky organic hydroperoxides as
oxidants.>*¢=39

We note that the formation of the aldehyde 3-methyl-2-
butenal is also observed in the absence of Ti, using the
SiloxPOM complex (THA);[SbW40,5('BuSiOH);] (see above). This
result suggests that the redox-active behavior of the tungstate
framework facilitates a one-electron oxidation of the substrate.
To evaluate the feasibility of such process, we computed the
Proton Coupled Electron Transfer (PCET) from the allylic alcohol
substrate to the POM framework resulting in a radical allyl
alcohol intermediate and the reduced, protonated complex
[HSb{W'YW"';}0,,('BuSiOH);]1*~. The products of this initial PCET
event lie at thermally accessible energy levels (AG°= +
20.8 kcal mol™), suggesting that such process may take place at
the experimental conditions as long as the associated free-
energy barrier is affordable. However, we must note that
evaluating the kinetics of PCET steps is still a great challenge for
computational chemistry and far beyond the scope of this work.
After this, the formation of the aldehyde could proceed
downhill through a series of proton and electron transfer steps
(see Scheme S3 for further details) that could involve the
generation of radical species such as ‘BuO® or [HSb{W'W"}
045(tBuSiOH);*". In this regard, experiments to intercept any
radical species that could support our preliminary calculations
are currently under way in our groups. This one-electron
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oxidation mechanism may occur simultaneously to the hetero-
lytic one for the 1-‘Bu catalyst while for Ti-silicate catalysts there
is not a redox-active structure analogous to the tungstate
framework.

Epoxidation of unfunctionalized olefins

Epoxidation of unfunctionalized olefins was also investigated.
Noteworthy, we observed that the conversion was completely
inhibited when using the more crowded catalyst 1—'Bu (Table 4,
entry 1). This correlates with the previous results on the
oxidation of allylic alcohol with 1—'Bu for which neither an
inner-sphere nor an outer-sphere were operative. Then, the
results showed that the less bulky the substituent at the silicon
atom, the more the conversion (Table 4, entries 2 and 3). This
also correlates with the representations reported in Figure 1,
which emphasize the impact of the steric surrounding on the
reactant accessibility to the active confined sites, and thus on
the conversion rate. The high selectivity towards epoxide (cyclic,
terminal, trans- and cis-alkenes) confirms that a concerted
mechanism occurs, in which the electrophilic O-transfer
proceeds through a heterolytic pathway.”?" Accordingly, the
calculated free-energy cost of the homolytic activation of an
allylic C—H bond by the POM framework in cyclohexene
(28.6 kcalmol™) is higher than in an allylic alcohol
(20.8 kcalmol™'; vide supra) that contains a heteroatom in the a
position that enhances the delocalization of the radical.

Calculations also support the experimental results as
reported in Table 4 (last column). When moving to smaller R
groups (from entry 1 to entry 3) the computed overall free-
energy barrier for the O-transfer decreases accordingly. More,
another consequence of the steric issues between the R
substituents of the tris-grafted active species [SbW,05;(RSiO);Ti-
(7?—00Bu)I*~ and the incoming substrate is a higher con-
version for a cis olefin rather than trans olefin: this is
exemplified by the higher conversion obtained for the cis-S-
methylstyrene compared to the trans-5-methylstyrene (entries 5
and 6 in Table 4). We can ascribe this trend to steric repulsions
between one of the substituents of the alkene and the catalyst
during substrate approach of the trans-3-methylstyrene, while
for cis-B-methylstyrene both substituents can point towards the
solvent during substrate approach, leading to a lower free-
energy barrier.?¥

Finally, a rather good activity was obtained for the
epoxidation of linear terminal olefins (1-hexene, Table 4
entry 4), which are electron-deficient substrates and good
models for propene.” Also, in agreement with experimental
trends, the free-energy barrier obtained for 1-hexene is higher
than that for cyclohexene (Table 4, entry 4), which can be
ascribed to the weaker nucleophilic character of the double
bond (Em._.=-9.31eV vs. —9.06 eV for 1-hexene and cyclo-
hexene, respectively).

Conclusion

In the present work, we report on our studies on the oxidation
of allyl alcohols and non-functionalized alkenes with tert-butyl
hydroperoxide (TBHP), catalyzed by a family of titanium
derivatives (THA);[(c.—B—SbWy055)(RSi0);Ti(OPr)] (1—R). In com-
parison with our previous studies using H,0, for which
unproductive decomposition of the oxidant was observed, the
use of TBHP enable to clearly demonstrate the effect of steric
hindrance (R="'Bu, 'Pr, "Pr) on the efficiency and selectivity of
the reaction.

In contact with TBHP we assume that an active titanium
alkyl peroxide species forms, [(a—B—SbWy05;)(RSiO);Ti-
(7”—00Bu)*", similarly to the [Til—(7—~OO0H) reported previ-
ously. Compared to H,0,, TBHP oxidant is less active towards
epoxidation due to the steric repulsive interactions of bulky ‘Bu
group of the peroxide with the catalyst 1-R. A direct
consequence when dealing with allylic alcohols as substrates is
that the outer-sphere mechanism becomes competitive with the
inner-sphere one [coordination of the allylic alcohol to the Ti
center], causing a mechanistic shift as the bulkiness of catalyst
substituents is reduced (Figure 6). This is nicely manifested in
the selectivity for the epoxidation of geraniol by less bulky 1-"Pr
catalyst, where a preference for oxidizing the non-functional-
ized double bond through the outer-sphere mechanism results
in the larger formation of the 6,7-epoxy geraniol. In general, our
calculations demonstrate that outer-sphere mechanism has a
lower free-energy barrier in the case of the less bulky 1-"Pr
catalyst.

For the first time, atomistic simulations have analyzed in the
detail the side reaction yielding the aldehyde providing an
explanation for the observed selectivity change as a function of
catalyst bulkiness. The novel, proposed mechanism involves the
outer-sphere heterolytic hydrogen transfer from the allylic

Table 4. Epoxidation of alkenes with TBHP, catalyzed by (THA);[SbW,045(RSiO);Ti(OPPr)], R="Bu: 1-Bu, R="Pr: 1-Pr, R="Pr: 1-"Pr."!

Entry Cat. Alkene Conv® Epox Sel AGHH
(%] [%] [%]

1 1-'Bu cyclohexene <5 n.a9 25.9

2 1-Pr cyclohexene 70 69.3 99 23.1

3 1-"Pr cyclohexene 97 96.4 >99 219

4 1-"Pr 1-hexene 46.5 46.2 >99 235

5 1-"Pr trans--methylstyrene 37.7 374 >99

6 1-"Pr cis-f-methylstyrene 78.9 78.8 >99

[a] All reactions were carried out in acetonitrile at 65 °C with [catalyst] =2.6 mM, [olefin], = [TBHP],=0.26 M. [b] Conversion based on NMR analysis after 22 h

of reaction. [c] The conversion is too low to ascertain the selectivity in epoxide. [d] Gibbs free-energy barrier for the O-transfer step in kcal mol™".
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Figure 6. Influence of the size of the R substituents on the reaction pathway
and product selectivity in the H,0, or TBHP-based epoxidation of allylic
alcohols and unfunctionalized alkenes, catalyzed by 1-R.

alcohol to the electrophilic a-oxygen of the peroxide, followed
by proton transfer from the cationic allylic alcohol intermediate
to yield the aldehyde product. The oxidation to aldehydes is
less sensitive to the steric hindrance than epoxide reaction,
therefore reducing the bulkiness of catalysts substituents (R=
'Bu, 'Pr, and "Pr) lowers in larger extend the free-energy barrier
of the epoxidation reaction increasing its activity and selectivity.
Calculations also showed that the POM framework can promote
the oxidative dehydrogenation of allylic alcohols to aldehydes
acting as electron and proton acceptor, while TBHP acts as
terminal oxidant. The novel, proposed mechanism proceeds
through a sequence of one-electron oxidations via Proton
Coupled Electron Transfer (PCET) events. Finally, catalyst design
using TBHP oxidant demonstrates that reducing the bulkiness
of the substituents in the silanol functions of the catalyst allows
epoxidizing unfunctionalized alkenes. Structure-activity relation-
ships can be built with the size of the substituents in the
catalyst and the HOMO energies of the double bond for
terminal alkenes.

Overall, these results show how activity and selectivity are
intimately linked to the chemical surrounding, nature of
reaction intermediates and pathways, and to the shape of the
substrates. We have shown how Ti-SiloxPOM with tailored steric
properties can become an interesting object to discriminate
between different reaction paths by means of a confinement
effect. A control of its properties could also allow to manage
the regio- and stereochemistry of oxidation reactions.

Experimental Section

Computational details

DFT calculations were performed using the Gaussian16 rev. A03
software™ at ®B97X-D level of theory,””¥ which includes dispersion
corrections to better account the non-covalent interactions involv-
ing the bulky ‘Bu substituent of TBHP. The LANL2DZ basis set and
associated pseudopotentials®” were used to describe W and Ti
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centers whereas the remaining atoms were described by the all-
electron 6-31G(d,p) basis set**” Solvent effects of acetonitrile
were included in geometry optimizations and energy calculations
using the IEF-PCM implicit solvation model“® as implemented in
Gaussian16. All minima were characterized by the lack of imaginary
frequencies whereas only one imaginary frequency was identified
for transition-state structures, which is associated to the normal
mode of vibration connecting reactants and products. A data set
collection of the optimized structures for the most representative
species is available in the ioChem-BD repository and can be
accessed via DOI: 10.19061/iochem-bd-2-47.%!

Materials and methods

The lacunary polyoxotungstate Nagla—B—SbW,03], its silanol
derivatives (n—Hex,N);[(c—B—SbW,053)(RSiOH);] (R='Bu, Pr, "Pr)
and the titanium complexes (n—Hex,N);[(c.—B—SbW;0;;)(‘BuSiO);Ti-
(OPR] (1—'Bu), (n—Hex,N);[(c.—B—SbW,043)(PrSiO),Ti(OPr] (1—Pr),
(n—Hex,N);[(0.—B—SbW,035)("PrSiO);Ti(O'Pr)] (1—"Pr), were prepared
as reported in the literature."® All manipulations were conducted
under an inert atmosphere using standard Schlenk techniques and
a Glovebox with purification system. tert-Butyl hydroperoxide
(TBHP, 5.5 M in decane), was purchased from Aldrich and used as
received. '"H NMR spectra were obtained at room temperature in 5
mm o.d. tubes on a Bruker Avancell 300 spectrometer equipped
with a QNP probehead or on a Bruker Avancelll 600 spectrometer
equipped with a BBFO probehead. For 'H, chemical shifts are
referenced with respect to tetramethylsilane by using the solvent
signals as secondary standard. Elemental analyses were performed
by the « Service de microanalyses » from the ICSN—CNRS, Gif-sur-
Yvette, France.

Catalytic olefin epoxidation. In a screw capped Schlenk (equipped
with a rotaflo type valve) were introduced under argon the catalyst
(2.6 mM), dry acetonitrile, olefin (0.26 M) and t-butyl hydroperoxide
(0.26 M). The mixture was stirred while heating at the desired
temperature (343 K) for 22 h. Dilution by diethyl ether gave a turbid
suspension from which the solid may be taken off (by filtration or
centrifugation). Conversions were assigned by NMR analysis.

Monitoring by NMR: A screw capped 5 mm o.d. NMR tube under
argon was charged with complex 1-"Pr (4.9 mg, 1.31 umol) and dry
acetonitrile—d; (0.5 mL). alkene (130 umol) and TBHP (5.5M in
decane, 23.5 pL, 130 pmol) were successively added to the mixture.
Each step was monitored at 300 K by 'H on a Bruker Avancelll 600
spectrometer equipped with a BBFO probehead. The acquiring
parameters (relaxation delays) have been optimized to ensure an
accurate integration measurement.
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