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ABSTRACT: Ti atoms incorporated into the framework of zeolite *BEA (Ti-BEA) or grafted onto SBA-15 (Ti-SBA-15) catalyze
alkene epoxidation with hydrogen peroxide (H,0,), t-butyl hydrogen peroxide (TBHP), or cumene hydroperoxide (CHP). The
rates of epoxidation, however, differ by orders of magnitude depending on the combination of an oxidant, an alkene, and a support
used. Within Ti-BEA, the rates of 1-octene epoxidation with H,O, are 30 and 170 times greater than reactions with TBHP or CHP,
respectively. In contrast, 1-octene epoxidation rates in Ti-SBA-15 with H,0, are 7- and 40-fold higher than in reactions with TBHP
or CHP, respectively. Moreover, comparisons of 1-alkene (C¢—C,,) epoxidations within Ti-BEA and Ti-SBA-1S show that the
turnover rates depend differently on the length of alkene reactants depending on the oxidant identity, which is due to complex
interactions among the alkene, the activated oxidant, and the solvent-filled pore of the Ti-silicate. Thermochemical analyses of
apparent activation free energies within a Born—Haber cycle reveal three distinct contributions that affect catalysis, which include
charge transfer between Ti-OOR and C=C functions within the transition state; the adsorption of the alkene into the silicate pores;
and the structural rearrangement of the reactive Ti-OOR intermediates and solvent to accommodate the alkene. First, epoxidations
with H,O, give the highest rates among these oxidants because Ti-OOH intermediates are more electrophilic than Ti-OOtBu or Ti-
OOcumyl species as a consequence of electron donation from alkyl groups that increase intrinsic barriers for O-atom transfer.
Second, differences in the epoxidation rates between Ti-BEA and Ti-SBA-15 largely reflect the changes in the stability of the alkenes
adsorbed within the pores of each silicate. Third, the distinct sensitivities of epoxidation rates on oxidant identity within Ti-BEA and
Ti-SBA-1S5 are caused by differences between the inner-sphere interactions among Ti-OOR intermediates and adsorbed alkenes that
depend on the surrounding environment. We present a thermodynamic model that quantitatively describes how inner-sphere
interactions among epoxidation transition states depend on the steric bulk of the reacting species and how these interactions are
conferred by the topology of the surrounding pore. The mesopores of Ti-SBA-15 allow transition states to access conformations that
lower the free energy of the complex relative to analogous transition states in Ti-BEA, which explains why epoxidation rates in
mesoporous solids are less sensitive to the identity of the oxidant than within microporous silicates.

KEYWORDS: zeolites, solid—liquid interfaces, inner sphere, steric interactions, oxidations, hydrogen peroxide, tert-butyl hydroperoxide,
cumene hydroperoxide

1. INTRODUCTION

Molecular interactions among surface intermediates during

catalysis contribute directly to the free energies of critical Received: May 17, 2020
reactive speciesl_3 and, therefore, impact rates and selectivities. Revised:  August 10, 2020
Interactions between reactive complexes with functions outside Published: August 12, 2020

of the first-coordination sphere (e.g,, solvents and pore walls)
are colloquially referred to as outer-sphere interactions, whereas
interactions among species directly bound to an active site (e.g.,
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among ligands and charge transfer) are known as inner-sphere
interactions.”” Organometallic chemists commonly consider
both inner- and outer-sphere interactions to design complex
ligands that facilitate reactions at molecular complexes;*” yet,
the heterogeneous catalysis community less frequently invokes
these principles to design solid surfaces for desired chemical
transformations. This is due, in part, to the structural
complexities of surfaces, pores, and confined solvents that
surround active sites and reactive intermediates."’

The conformation and stability of surface species bound to
active sites depend on the presence and topology of surrounding
pores,'*"* which consequently influence the rates of reactions
along specific pathways. Comparisons of catalysis within zeolites
(e.g, MFI, *BEA, and FAU) and in mesoporous silicas (e.g,,
SBA-15'*"° and MCM-41'*"") provide a convenient method to
understand how molecular interactions and reactive species
conformation depend on pore structure and functionality (e.g.,
hydrophilicity) because these classes of materials possess well-
defined pore topologies that extend over the relevant range of
distances (i.e., 0.5—>5 nm). Silicates that contain early
transition metal atoms (e.g, Ti,'872¢ Nb,*!8242728 and
Ta'®**%%) activate hydroperoxide oxidants and catalyze alkene
epoxidations that involve transition states composed of reactive
metal-peroxides, hydroperoxides, alkyl peroxides, or oxo
intermediates and alkenes in solvent-filled pores. Consequently,
the stabilities of reactive species and transition states for alkene
epoxidation should sense changes in the steric bulk of the
substituent groups on the hydroperoxides and alkene reactants,
the impact of these substituents on the electronic structure of the
reactive intermediates, and the spatial constraints introduced by
the catalyst pores.

For decades, researchers sought to explain how rates of alkene
epoxidation depend on the structure of the alkene reactants and
the (alkyl) hydroperoxide oxidants and why specific combina-
tions of titanosilicates, oxidants, alkenes, and solvents perform
better than others.”**™>**'73% Multiple industrial processes
currently produce propylene oxide by direct propylene
epoxidation with either hydrogen peroxide (H,0O,; hydrogen
peroxide-propylene oxide process’*’”), t-butyl hydrogen
peroxide (TBHP; e.g, Halcon and ARCO processes38_40),
cumene hydroperoxide (CHP; e.g, propylene oxide-only
process*'), or ethylbenzene hydroperoxide (e.g., Shell styrene
monomer-propylene oxide process™”). Seminal studies”**>** on
epoxidation within Ti-silicates have reported on changes in the
yields and selectivities toward epoxide products with different
combinations of oxidants, solvents, and catalysts. The reported
differences between the unique combinations of the oxidant,
solvent, and catalyst likely reflect intramolecular interactions
among the reactive intermediates, adsorbed alkenes, and
solvent-filled pores, whose quantification is a challenge in the
catalysis community.

Tatsumi and co-workers showed that the conversion of
cyclohexene, cycloheptene, and cyclododecene in epoxidations
are on average fivefold greater with H,O, than with TBHP
within Ti-BEA (~ 1.6 M alkene, 0.5 M H,0,, CH;0OH solvent,
333K,3h) ,* and the authors attributed the differences in rates
to repulsive interactions between the bulky t-butyl group of Ti-
OOtBu intermediates and the alkene reagents. Similarly, rates of
cyclohexene epoxidation with H,O, are 20% greater than with
TBHP over Ti-substituted MCM-41 materials;** however, the
reasons for the observed differences in rates were not discussed.
Within the mesoporous Ti-MFI material, 1-octene epoxidation
rates are 6-times higher with TBHP than with H,0,,** which

was associated with the presence of hydrophilic silanol functions
within the mesopores inhibiting H,O, activation and the greater
rates of intrapore diffusion of TBHP to access active sites and
react. These prior reports may also reflect the convoluting eftects
of intraparticle mass transfer restrictions that obfuscate the
impact of pore confinement, alkene conformation, and inner-
sphere interactions on chemical kinetics. As such, a quantitative
molecular understanding of how the combination of alkenes,
oxidants, and pore diameters leads to changes in the stability of
surface intermediates and epoxidation rates remains elusive.

Here, we assess how the stabilities of epoxidation transition
states depend on the identity of the Ti-OOR intermediates, the
steric bulk of the 1-alkenes, and the size of the surrounding pores
through the thermochemical analysis of reaction kinetics. We
measure turnover rates, activation barriers, and alkene
adsorption enthalpies on catalysts composed of Ti atoms within
the framework of *BEA (Ti-BEA) and Ti atoms grafted to
mesoporous SBA-15 (Ti-SBA-15) and establish quantitative
relationships that describe how interactions among oxidants and
alkenes depend on the morphological properties of the catalyst.
For both catalysts, the turnover rates for 1-octene epoxidation
are greatest with H,O,, in comparison with TBHP and CHP,
yet, vary by up to 40- or 170-fold within Ti-SBA-15 and Ti-BEA,
respectively. Moreover, the rates of 1-octene epoxidation within
Ti-BEA are 10—100 times greater than within Ti-SBA-1S, for
any given oxidant. The strong dependence of epoxidation rates
on the combination of the oxidant and pore diameter does not
reflect differences in the mechanism for epoxidation, which are
equivalent among all combinations of the alkene, oxidant, and
catalyst tested. Instead, the differences in turnover rates reflect
free-energy contributions from the charge transfer between Ti-
OOR intermediates and the C=C to form the transition state,
the adsorption of the alkene into the silicate pores, and the
restructuring of the reactive Ti-OOR intermediates and solvent
molecules to accommodate the alkene. Thermochemical
analysis of apparent activation free energies within a Born—
Haber cycle, in conjunction with Hammett analysis, reveals that
Ti-OOH intermediates are more electrophilic than Ti-OOtBu
or Ti-OOcumyl species and possess lower intrinsic barriers for
O-atom transfer. Differences in the free energies of 1-alkene
adsorption into siliccous BEA and SBA-15 correspond to
differences in the epoxidation rates for reactions with H,O, and
suggest why rates are greater within Ti-BEA than within Ti-SBA-
1S. The ways in which epoxidation rates depend on oxidant
identity within Ti-BEA in comparison with Ti-SBA-15, however,
reflect inner-sphere interactions among Ti-OOR intermediates
and adsorbed alkenes that derive from the topology of the
silicate pores. We present a simple thermodynamic model that
quantitatively describes how inner-sphere interactions among
two reacting species that are nominally bound to an active site
change with the steric bulk of the reacting species. Analysis of
apparent activation free energies (and epoxidation rates) within
this framework reveals that the mesopores of Ti-SBA-15 allow
for specific inner-sphere interactions among Ti-OOR inter-
mediates and 1-alkenes that lower the free energy of the
transition states relative to the micropores of Ti-BEA. These
stabilizing interactions, however, do not entirely compensate for
the differences in 1-alkene adsorption into the micropores of
BEA relative to SBA-1S5; rather, they result in distinct
dependencies of turnover rates on the combination of alkenes,
oxidants, and pore structures.

Collectively, the findings presented here provide molecular
insight into the free-energy contributions and molecular
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interactions that elucidate how the selection of hydroperoxide
oxidants, alkene substrates, and Ti-silicate topology impact
epoxidation rates and begin to explain the reasons for singular
combinations of reactants, solvents, and catalysts for industrial
propylene epoxidation processes.

2. MATERIALS AND METHODS

2.1. Catalyst Synthesis. Ti-BEA-12.5, where “12.5” refers
to the initial Si/Al ratio of the parent AI-BEA-12.5 (Zeolyst,
CP814E; Si/Al ~ 12.5; surface area ~ 680 m* g~"), was prepared
by postsynthetic modification. Al-BEA-12.5 was refluxed in
HNO; (Macron Chemicals, 68—70 wt %; 20 cm® guppa”;
caution: HNOyj is a strong oxidant, readily causes a chemical burn,
and should be handled carefully) with the intent to remove
framework Al atoms by forming soluble AI(NO;);. The solids
were then recovered by vacuum filtration and washed with H,O
(17.8 MQ - cm, 50 cm® g ') followed by heating at S K min™" in
flowing air (100 cm® min™"; Airgas, Ultra-zero grade) and held at
823 K for 6 h to remove residual volatile and organic species and
to produce Si-BEA-12.5. The materials produced in this manner
possessed Si/Al ratios greater than 1400, as determined by
energy dispersive X-ray fluorescence spectroscopy. Ti atoms
were incorporated by combining a stirred suspension of Si-BEA-
12.5 with an appropriate amount of TiCl, (Sigma-Aldrich,
99.9%) in CH,Cl, (Fisher Chemicals, Certified ACS Stabilized)
atreflux. Caution: TiCl, reacts violently with moisture in air to form
HCI and should be handled carefully. All volatile components
were then removed by rotary evaporation. The recovered solids
were light brown, and these materials were heated in flowing air
(100 cm® min™') at § K min™ to 823 K and held at that
temperature for 6 h, which produced bright white solid powders.

Ti-BEA-F was synthesized hydrothermally in fluoride media
by adapting a previously published procedure.”* Tetraethy-
lammonium fluoride (TEAF, Alfa Aesar, 97 wt %) was dissolved
in deionized H,O (18.2 MQ - cm) in a polypropylene container
and combined with titanium(IV) isopropoxide (TIPO, Sigma-
Aldrich, 99.999%) to produce a clear homogeneous solution.
Tetraethylorthosilicate (TEOS, Sigma-Aldrich, >98 wt %) was
then added slowly over a period of 1 min to this solution under
static conditions, which initially formed a biphasic mixture. The
mixture was then stirred for 16 h to produce an opaque
homogeneous solution. The lid of the polypropylene container
was then removed to evaporate the ethanol and isopropanol that
form through the hydrolysis of the TEOS and TIPO,
respectively. The solution was left open while stirring until the
mass of the solution decreased by 115% of the value of the
estimated mass of the alcohols to ensure that the alcohols
evaporated completely. Subsequently, deionized H,O was
added to yield a gel with a final molar composition of 1 SiO,/
0.0033 TIPO/0.56 TEAF/7 H,O. Note: this synthesis procedure
produces MFI when crystallized if the ethanol and isopropanol are
not entirely evaporated. This gel was then loaded into a Teflon-
lined stainless-steel autoclave (Parr Instruments, 45 cm?) that
contained S wt % (relative to SiO, within the gel) Si-BEA-12.5 as
seeds to promote the formation of the BEA zeolite. This
autoclave was then sealed and heated to 413 K while rotating (60
rpm) in a convection oven (Yamato, DKN602C) for 25 days.
The resulting solids were recovered, washed with H,O, and
dried for 16 h at 373 K. The dried solids were then heated at 1 K
min~" to 823 K in flowing air (100 cm® min™") and held at 823 K
for 10 h to produce a bleached-white solid.

Ti-SBA-15 was synthesized by the liquid-phase grafting of
titanocene dichloride (TiCp,Cl,; Sigma-Aldrich, 97%) onto a

mesoporous silica (SBA-15; ACS Material, 7—10 nm pores;
surface area ~ 450 m” g_l).M’15 SBA-15 was heated at 5 K min™"
to 823 K in flowing air (100 cm® min™") and held at 823 K for 6 h
to dehydrate and partially dehydroxylate the surface. The dried
SBA-1S was stored within a vacuum desiccator until further use.
The dried SBA-15 was then stirred in a solution of TiCp,Cl, in
CH,Cl, under an argon atmosphere at 298 K using standard
Schlenk technique, which yielded a bright-red slurry. The
desired amount of triethylamine (N(Et);; Sigma-Aldrich,
99.5%) was then added (in a 2.5:1 ratio, relative to TiCp,Cl,)
to the slurry, with the intent to deprotonate surface SiOH groups
to graft TiCp,Cl,. This suspension was stirred for 6 h at 298 K,
and the suspension slowly turned bright yellow in color over this
time period. The solids were then recovered via filtration and
were washed with CH,Cl, (20 cm® g™!). The recovered solids
were pale yellow in appearance and were heated at S K min™" to
823 K in flowing dry air (100 cm® min™") at 823 K for 6 h to
remove the cyclopentadienyl ligands and produce a bleached
white solid.

2.2. Catalyst Characterization. X-ray diffractograms were
collected using a diffractometer (Siemens/Bruker, DS000) with
a Cu Ka radiation source (0.15418 nm) under ambient
conditions. The X-ray diffractograms (Figure S1) for Ti-BEA-
12.5 and Ti-BEA-F match the known diffraction patterns of
*BEA.

Table 1. Ti Metal Loadings, Band Edge Energies, and BET-
Derived Surface Areas for Ti-BEA and Ti-SBA-15 Materials

band edge energyb BET surface area

Ti content”

sample (wt %) (eV) (m*g™")°
Ti-BEA-12.5 0.20 4.2 610
Ti-BEA-F 0.15 4.3 407
Ti-SBA-15 0.30 4.0 443

“Measured by EDRXF. “Determined from the leading edge of the
Tauc plot from DRUV-—vis. “Calculated from N, adsorption
isotherms.

Band edge energies (Table 1) were measured by diffuse
reflectance UV—vis spectroscopy (DRUV—vis). In short, the
samples were intimately ground with magnesium oxide (MgO;
Sigma-Aldrich, 99.995%) in a 1:10 ratio of Ti-silicate to MgO by
mass. These samples were loaded into a Harrick diffuse-
reflectance accessory, and spectra were obtained using a
spectrophotometer (Agilent, CARYS) with pure MgO as the
background. All materials possess a single UV—vis absorbance
feature around 260 nm (Figure S2), which is qualitatively
consistent with hydrated isolated Ti*' ions. Band edges
calculated from the corresponding Tauc plots (Table 1) are
significantly greater than bulk TiO, (~ 3.2 eV),"® which suggests
that all Ti-silicates within this study contain highly disperse Ti
atoms and possess few, if any, larger TiO, aggregates.

Metal contents were quantified using energy-dispersive X-ray
fluorescence (EDXRF) spectroscopy. Briefly, ~30 mg of the
catalyst was loaded into a polypropylene sample holder (1 cm
diameter) that was sealed with ultralene film. The samples were
loaded into a spectrometer (Shimadzu, EDX-7000), whose
sample chamber was purged with He (Airgas, Ultra-zero grade).
Measurements were taken between 0 and 30 keV (100 co-
averaged scans), and the relative intensities of the element-
specific fluorescence features (Figure S3) were used to calculate
the percent, by mass, of each element within the sample.

https://dx.doi.org/10.1021/acscatal.0c02183
ACS Catal. 2020, 10, 10169—10184


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02183/suppl_file/cs0c02183_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02183/suppl_file/cs0c02183_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02183/suppl_file/cs0c02183_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c02183?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Gas-phase adsorption isotherms (Figure S4) were collected
on a volumetric adsorption instrument (Micromeritics, 3Flex).
The Ti-silicate samples were pelletized and sieved to retain
particles greater than 180 ym in diameter. These samples were
degassed by heating under vacuum (<7 X 107* Pa, 673 K) for 6 h
prior to adsorption measurements. N, adsorption was
conducted at 77 K.

1-Octene (C4H,4) adsorption enthalpies were measured by
van’t Hoff analysis of the change in CgH, ¢ uptake into Si-BEA-
12.5 and SBA-1S5 as a function of temperature within the linear
regime of the adsorption isotherm. A solution of CgH4 in
CH,CN (20 cm®) was heated to the desired temperature (308—
333 K) within a 25 cm® reaction vessel and was shaken at 250
rpm. An aliquot of the solid-free solution was taken and analyzed
via gas chromatography (GC; HP, 5890) to determine the initial
peak areas of CgH4 at a given concentration. The desired
amount of BEA-12.5 or SBA-15 (~ 60 mg) was then added to
the reactor, and the system was equilibrated at a given
temperature for 1 h. An aliquot was then filtered through a
syringe filter (0.22 ym; polypropylene) to remove the solids and
was subsequently analyzed via GC. This process was repeated
for a series of CgH,¢ concentrations (1 yuM to 1 mM) to
determine the region where the amount of adsorbed CgH 4 is
proportional to the concentration of CgH ¢ in the equilibrated
solution (see Section S1.5). The uptake of CgH,; was then
measured as a function of temperature to determine the
enthalpies of adsorption of CgH ¢ into Si-BEA-12.5 and SBA-15,
which are calculated as —85 + 6 and — S1 + S kJ mol™,
respectively.

2.3. Measurement of Epoxidation Rates. 1-Hexene
(C¢H,yy; Sigma-Aldrich, >99%), 1-heptene (C,H;,; TCI
Chemicals, >98%), 1-octene (CgH,q; Sigma-Aldrich, 98%), 1-
nonene (CyH,5, TCI Chemicals, >95%), 1-decene (C,oH,o, TCI
Chemicals, >95%), styrene (Sigma-Aldrich, ReagentPlus,
>99%), 4-bromostyrene (TCI Chemicals, >95%), H,0,
(Fischer Chemicals, 30 wt % in H,0), tert-butyl hydroperoxide
(TBHP; Sigma Aldrich, 5.5 M in decane), cumene hydro-
peroxide (CHP; TCI Chemicals, 80% with aromatic hydro-
carbons), decane (TCI Chemicals, >99%), acetonitrile
(CH,CN; Fisher Chemicals, HPLC Grade), copper (II) sulfate
(CuSO,; Fisher Chemicals, >98.6%), neocuproine (Sigma-
Aldrich, >98%), ethanol (Decon Labs; 100%), and H,O (18.2
MQ cm) were used as received.

The rates of alkene epoxidation and oxidant decomposition
were measured using batch reactors (100 cm?, three-neck
round-bottom flasks) equipped with reflux condensers to
minimize evaporative losses. An alkene and a peroxide oxidant
(ie, H,0,, TBHP, or CHP) were added to a solution of
CH;CN and decane (used as an internal standard for GC
analysis) and heated to the desired temperature (303—348 K)
while stirring at 700 rpm. The reactions were initiated by the
addition of a catalyst, and small aliquots (~ S00 uL) of the
reaction solution were extracted through a syringe filter (0.22
um, polypropylene) at predetermined time intervals. The
concentrations of the organic components within these aliquots
were quantified via gas chromatography. All species were
identified, and calibration factors were quantified using the
standards of known concentrations. The concentration of H,O,
in each aliquot was measured by colorimetric titration using an
aqueous solution of CuSO, (8.3 mM), neocuproine (12 mM),
and ethanol (25% v/v). The concentration of H,O, was
calculated by comparison of the absorbance at 454 nm to
calibrated standards, measured on a spectrophotometer

(Spectronic, 20 Genesys). In all reported data, the standard
uncertainty for measured reaction rates was below 10%. For all
reactions, only the 1,2-epoxyalkane product was observed,
which reflects the intentionally low conversion over which these
experiments were conducted (see below). The rates for the
conversion of the alkene and oxidant were determined using the
method of initial rates and were measured as functions of
reactant concentrations. All reported results were obtained at
differential conversion (i.e., <0.5% conversion of the limiting
reagent); consequently, all reported rates do not reflect artifacts
associated with catalyst deactivation. For all combinations of
oxidants and Ti-silicates, alkene epoxidation kinetics were
measured in the absence of mass-transfer artifacts, as indicated
by turnover rates that depend linearly on the concentration of
the alkene (Section 3.2)."°

The percent of active Ti atoms in Ti-SBA-15 was determined
by in situ site titrations with t-butylphosphonic acid (TBPA;
Sigma-Aldrich, 98%) during the epoxidation of CgH ;4 (0.01 M
CsH¢, 0.01 M H,0,, 313 K). In short, a suspension containing
Ti-BEA (~ 30 mg), CgH 4, decane (as an internal standard), and
TBPA in CH;CN was stirred for at least 1 h at 313 K with the
intent to irreversibly bind TBPA to active sites and inhibit
epoxidation catalysis. Then, H,O, was added to the reactor to
initiate catalysis. Epoxidation rates were measured for systems
with ratios of TBPA/Ti ranging from zero to unity. The
percentage of Ti atoms that are active for epoxidation was
determined by the linear extrapolation of these data to
determine the TBPA/Ti ratio that gives a rate equal to zero
(Figure S6) and was found to be 95 =+ 4%. We have previously
used this methodology to determine the percent of active Ti
atoms within these Ti-BEA-12.5 and Ti-BEA-F samples as 102 +
7 and 92 + 6%, respectively.47 For all reported kinetics, the
number of active Ti atoms, as determined from phosphonic acid
site titrations, were used to determine turnover rates.

2.4. In Situ UV—Vis Spectroscopy. UV—vis spectra were
collected using a 45° diffuse reflection probe (Avantes,
solarization-resistant fibers) coupled to a fiber-optic spectrom-
eter (Avantes, AvaFast 2048) with a compact deuterium—
halogen light source (Avantes, AvaLight-DHc). The samples
were pressed into 7 mm diameter pellets (~ 5 mg) and loaded
into a liquid flow cell with temperature control. Solutions were
introduced using a high-performance liquid chromatography
pump (Teledyne SSI, M1). Background UV—vis spectra
(average of 100 scans) were obtained for each material by
exposing the sample to a flowing CH;CN solution (39 mM
H,0, 1 cm® min™") at 313 K for 0.5 h. Spectra were obtained
while flowing solutions of H,O, or CHP in CH;CN at 313 Kand
continued until the UV—vis spectra became constant, which
implies that the system reached a steady state. All UV—vis
spectra presented represent the difference between the
experimental spectra and the background spectra.

3. RESULTS AND DISCUSSION

3.1. Activation of Oxidants at Ti Active Sites. Hydrogen
peroxide, t-butyl hydroperoxide (TBHP), and cumene hydro-
peroxide (CHP) react over Ti atoms incorporated into the
zeolite framework to form Ti-OOH and Ti-OOR (R = t-butyl or
cumyl) intermediates. Figure 1 shows that the UV—vis spectra of
H,0,- and CHP-activated Ti-BEA-12.5 and Ti-SBA-1S possess
a broad, asymmetric feature whose peak areas are assumed to be
proportional to the surface coverage of each UV—vis active
intermediate. The broad features between 300 and 450 nm for
H,0,-activated Ti-BEA-12.5 (Figure la) and Ti-SBA-1S
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Figure 1. UV—vis difference spectra of H,0,- (10 mM H,0,, 39 mM
H,0), CHP- (0.3 M CHP, 39 mM H,0), and TBHP-activated (10 mM
TBHP, 39 mM H,0) (a) Ti-BEA-12.5 and (b) Ti-SBA-15 in CH;CN

at 313 K. In all cases, the background spectra are of the indicated Ti-
silicate in CH;CN (39 mM H,0) at 313 K.

(Figure 1b) represent overlapping ligand-to-metal charge
transfer (LMCT) bands attributed to the Ti-(#*O,) and Ti-
OOH intermediates.””*’ >’ Previous work indicates that among
this pool of Ti-peroxide intermediates, only Ti-OOH reacts
directly with alkenes, as indicated through stereoselective cis-
stilbene epoxidation and the kinetic modeling of Ti-OOH and
Ti-(17*-0,) consumption monitored via time-resolved UV—vis
spectra.””*’ 7% Therefore, catalytic comparisons (Sections
3.2—3.4) within this study will be between Ti-OOH and Ti-
OOR intermediates. Titanium cumyl-peroxide (Ti-OOcumyl)
species show an LMCT absorbance between 300 and 450 nm
(Figure 1). This complex UV—vis feature does not correspond
to fluid-phase CHP or 2-phenyl-2-propanol in the solution
because these species possess absorbance features near 260
nm.”* Ti-OOtBu species have been identified over mesoporous
Ti-MCM-41 via X-ray absorption spectroscopy;”*>*® however,
we were unable to observe features in the UV—vis spectra of
TBHP-activated samples (Figure 1). Consequently, we extend
the interpretation of CHP activation measurements to TBHP,
based on the expectation that titanium alkylperoxides (i.e., Ti-
OOcumyl and Ti-OO¢tBu) will react similarly.

The epoxidation catalysis community does not agree on the
kinetic relevance of elementary steps that activate ROOH over
Ti-silicates. For example, many studies describe ROOH
activation as reversible or quasi-equilibrated (Scheme
1),"#19%%57 while other groups have suggested that Ti-OOH

Scheme 1. Adsorption and Activation of H,0,, CHP, or
TBHP To Form Ti-OOR Intermediates®

H
o o 00~ <|J
" N - / ~
}'—z_ \\_Ti/ y“:\ k, 37-2, \\]'i N
ROOH+ o %" =——= """y,

I ky T I

h | i ]
R =H, Cumyl, or tBu

“k, and ky represent the apparent first-order rate constants for the
adsorption and activation or desorption, respectively, of H,0,, CHP,
or TBHP.

. 1. 47,48,58 ) o
forms irreversibly.*”**** Ongoing efforts within our group,

including those presented here, show that the kinetics of ROOH
activation over early transition metals substituted into zeolites or
supported on mesoporous oxides depends on both the identity
of the ROOH and the solvent.

Figure 2 shows the normalized absorbance areas for the
LMCT of Ti-OOH and Ti-OOcumyl species present on Ti-
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Figure 2. Areas for the LMCT bands of Ti-OOH (blue A) and Ti-
OOcumyl (green'¥) as functions of time as CH;CN (39 mM H,0, 313
K) flows over H,0,- or CHP-activated Ti-BEA-12.5, respectively. The
dashed black curve for H,0, is meant to guide the eye, while the curve
for CHP represents an exponential decay. All areas are normalized to
the initial area of the UV—vis absorbance feature (280—500 nm; Figure
1) before introducing the oxidant-free CH;CN solution.

BEA-12.5 as a function of time in flowing CH;CN (39 mM H,0,
1 cm® min™!, 313 K). The coverages of Ti-OOR intermediates
were first established by contact with CH3;CN solutions
containing either H,0, (10 mM) or CHP (0.3 M) at 313 K
until reaching the steady state, after which an oxidant-free
solution was introduced to determine whether ROOH species
activate reversibly (as depicted in Scheme 1). The number of Ti-
OOH species does not change when H,0,-activated Ti-silicates
(Figure 2 and Figure S8) contact CH;CN, which suggests that
Ti-OOH intermediates form irreversibly within CH;CN (i.e.,
the value of ky for Ti-OOH is immeasurably small). Ti-
OOcumyl species, however, recombinatively desorb following
pseudo-first-order kinetics (Figure 2 and Figure S8), thus form
reversibly over Ti active sites. The rate constants for the
desorption (i.e., values of k3) of CHP from Ti-OOcumyl
intermediates from Ti-BEA-12.5 and Ti-SBA-15 (Section S2)
are 2.8 X 1072 and 3.3 X107% 5™, respectively. Collectively, these
data and interpretations show that alkyl hydroperoxides activate
reversibly and H, O, activates irreversibly in CH;CN to form Ti-
OOR intermediates. Ti-OOH intermediates are in an acid—base
equilibrium with Ti-(37%-0,);*****?~°" existing studies on the
H,0, activation of Ti*" metal centers in polyoxometallates
suggest that Ti-(7*-O,) intermediates are more stable than Ti-
OOH species.””®" Consequently, Ti-(17>-O,) may stabilize the
activated forms of H,O, and cause this process to be irreversible.
In contrast, TBHP and CHP cannot form the Ti-(*0,)
intermediate, which may make the activation of CHP and TBHP
less exothermic and reversible. These findings lead to distinct
rate expressions for alkene epoxidations for these different
categories of peroxide oxidants (see Section 3.2).

3.2. Elementary Steps for Alkene Epoxidations with
H,0, and Alkyl Hydroperoxides. Epoxidation catalysis
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ACS Catal. 2020, 10, 10169—10184


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02183/suppl_file/cs0c02183_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02183/suppl_file/cs0c02183_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02183/suppl_file/cs0c02183_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02183?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c02183?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Turnover Rate

102|3) HO, akA-AA g - | ,]D) H,0 | 1029 ]
s _& TBHP 202, A
PR LA e v -
Z ;A . v Y A" TBHP_ g kA -AAA
p— -3 7 i ’, CHP | -3 X - 4 -3 .
1034 & 10 - 10
= /n ~ ’ - = -ut
° /| v £ ’ P Z A-AA h0,
/ Vs z — A-A—-
£ - ¥ £ ' v &~ v -vyV
O 104 o ~ 11074 -6 v 110%y 1BHP - E
2 ’ [ 54 -7 CHP . o-6-88 CHP
5 v’ LY -
O | ¢ . ‘v
5 1054 4 1084 - 4104 _
E 7 gV -IVV
- © ] Ti-SBA-15 (open) i
107 Ti-BEA-12.5 7 1073 Ti-SBA-15 7 10 Ti-BEA-12.5 (solid)
10 10° 102 10" 10° 10° 102 107 10° 103 102 10" 10°
[CgHyel (M) [CgH16l (M) [ROOH] (M)

Figure 3. Turnover rates for the formation of CgH, 4O in (a) Ti-BEA-12.5 and (b) Ti-SBA-1S as functions of [ CgH 4] using [H,0,] (blue A; 10 mM),
[TBHP] (black l; 10 mM), or [CHP] (green ¥; 0.3 M) as oxidants in CH;CN (39 mM H,0, 313 K). (c) Turnover rates for CgH,4O formation on
both Ti-BEA-12.5 (closed symbols) and Ti-SBA-15 (open symbols) as functions of oxidant concentrations ([ROOH]) in CH;CN (39 mM H,0, 313
K), where values of [ CgH, 4] were 0.01 M for Ti-SBA-15 and 0.3, S, and 10 mM for H,0,, TBHP, and CHP with Ti-BEA-12.5, respectively. The dashed
lines represent fits to eqs 2a or 2b for H,0, or TBHP/CHP, respectively. The rates of CgH 4 epoxidation with H,O, over Ti-BEA-12.5 were reported

initially in ref 47

Scheme 2. Proposed Catalytic Cycle for CgH, s Epoxidation with Hydrogen Peroxide, t-butyl Hydrogen Peroxide, or Cumene
Hydroperoxide over Ti-silicates”
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“The symbol T_@Zrepresents a quasi-equilibrated step, while —A—represents a kinetically relevant step. The blue arrow (and the corresponding rate
constant) is unique to when H,0, is used as an oxidant, while the green arrow and quasi-equilibrium in step 3 oval apply only to TBHP and CHP
oxidants within this study. It should be noted that Ti atoms are likely octahedrally coordinated, where additional molecules (e.g,, H,O and
CH,;CN) coordinate to the active site during catalysis. These molecules are omitted for clarity.

within zeolites and mesoporous silicates reflects the electronic
contributions of Ti-OOR intermediates during O-atom transfer
at epoxidation transition states, as well as interactions among
activated species and their surroundings that depend on the size
of the surrounding pore, the identity (and steric bulk) of the

10174

reactive species, and the solvent structures that reorganize
during catalysis. A quantitative understanding of how the free
energies of catalytically relevant intermediates depend on the
identity of the reacting molecules and the size of the surrounding

pore requires that epoxidation rates be compared at equitable
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coverages of surface intermediates to meaningfully interpret
differences in apparent activation free energies.

The rates of alkene epoxidations*”****°>%* depend on the
concentrations of alkene and oxidant reactants in ways that
reflect the coverages of reactive intermediates at Ti atoms and
describe the series of elementary steps that lead to epoxide
formation. Figure 3 shows that the turnover rates for 1-octene
(CgH,4) epoxidation possess the same functional dependence
on the concentrations of CgH,4 (Figure 3a,b) and peroxide
oxidants (Figure 3c) within both Ti-BEA-12.5 and Ti-SBA-1S
when using H,0,, TBHP, or CHP. Figure S9 shows that the
turnover rates for 1-octene concentration (10 mM H,0,) do not
depend on the concentration of H,0 (8—180 mM). All
reactions were performed with equal concentrations of H,O
([H,0]; 39 mM) to prevent differences in the amounts of
intraporous H,O from contributing to measured rates.””**
Differences in rates resulting from the identity of the oxidant
used or pore diameters are not caused by internal mass transfer
constraints, because reactions were conducted at conditions that
avoid internal concentration gradients.éS Consequently, differ-
ences in epoxidation rates reflect the changes in the electronic
properties of the reactive Ti-OOR intermediates and/or
configurational changes in epoxidation transition states that
depend on the size of the surrounding pore.

Across all combinations of Ti-silicate and peroxide oxidants,
the turnover rates for 1-octene epoxidation possess two kinetic
regimes distinguished by the apparent dependence of rates on
the concentrations of reactants (Figure 3). At low [CgH 4], the
rates increase in proportion to [CgH;4] and do not depend on
[ROOH], which suggests that reactive intermediates derived
from the oxidant (i.e., Ti-OOR) saturate Ti active sites. The
turnover rates approach constant values at higher values of
[C4H ], because CgH ¢-derived species prevail on Ti sites as the
most abundant reactive intermediates (MARIs).

Scheme 2 shows a series of elementary steps consistent with
changes in turnover rates for CgH, 4O with values of [CgH 4] and
[ROOH] on both Ti-BEA-12.5 and Ti-SBA-1S. This catalytic
cycle involves the quasi-equilibrated adsorption of CgH,4 (step
1) or ROOH (step 2; R = H, tBu, or cumyl), and the irreversible
activation of adsorbed H,O, or the quasi-equilibrated activation
of CHP or TBHP (step 3) to form a pool of Ti-OOR
intermediates. Adsorption and activation of CHP and TBHP are
presumed to be quasi-equilibrated because the rates of
desorption from in situ UV—vis experiments (Figure 2, Scheme
1) are greater than the turnover rates for epoxidation. 1-Octene
then adsorbs onto the pores in a quasi-equilibrated manner and
undergoes kinetically relevant O-atom transfer with Ti-OOR
and then forms CgH;40 and an equivalent of ROH (i.e.,, H,O, t-
butyl alcohol, or cumyl alcohol) (step 4). The turnover rates for
ROH formation in the absence of 1-octene (i.e., TBHP and
CHP decomposition) are immeasurably small (<1077 (mol
ROH) (mol Ti's)™}, 10 mM TBHP or 0.3 M CHP, 313 K). In
contrast, those for H,0, decomposition are similar for Ti-BEA-
12.5 and Ti-SBA-15 materials (~ 2.7 (mmol H,0,) (mol Ti-
s)”!, 10 mM H,0,, 313 K) and comparable to epoxidation rates.
These measurements show that a parallel pathway consumes Ti-
OOH intermediates by decomposition with an additional
equivalent of H,0, (step 6).% Finally, CgH;4O molecules
undergo quasi-equilibrated desorption (step S) to yield the
epoxide product. The rates of CgH ;O formation (rg) are given

by

ry = ky[CgH,(][Ti — OOR] (1)

where [Ti-OOR] is the number of reactive Ti-OOR
intermediates and k; is the rate constant for step i in Scheme
2. The use of the pseudo-steady-state hypothesis on Ti-OOH
intermediates, or separately, the assumption of the quasi-
equilibrated Ti-OOR (R = tBu, cumyl) formation provides
expressions for the number of these species, while a balance over
all possible species present at Ti active sites leads to two distinct
rate expressions for epoxidations. For reactions with H,O,, the
rates take the form:
K3k 4K CgHy61[Hr 0]
e _ k4[CgHyg] + k6[Hy0,]

I ksK[H, 0, ] [CgH;60]
[L] 1+ K[CeHy4l + K,[H,0,] + G TR0 ra

(@)
while epoxidations with TBHP and CHP are described more
simply:
e k,K,K,[CoH, ][ROOH]

T K[CgH,¢] + K,[ROOH] + K,K;[ROOH] +

[CgHO0]
Ky

(2b)

where [L] is the total number of Ti active sites and K; is the
equilibrium constant for step j. The five terms in the
denominator of eqs 2a and 2b represent the number of Ti
atoms covered by the molecules of CH;CN or H,O (i.e., the
solvent), CgH,s, ROOH, Ti-OOR, or CgH, 40, respectively.

Atlow [CgH 4], Ti-OOR intermediates form the MARI on Ti
active sites, and equation 2 reduces to:

e
L] ky[CsHi¢] 3)
Equation 3 reproduces how CgH 4O formation rates depend
on [CgH 4] and [ROOH] as shown in Figure 3. Higher [CgH 4]
changes the MARI to become a CgH) ¢-derived intermediate. We
have previously shown that these conditions lead to CgH 4O as
the MARI during reactions with H,0,.**°%%% These reaction
conditions also give rates for epoxidation that exceed rates of
H,0, decomposition (i.e., k,[CgH;4] > > ks[H,0,], Section
$3.2), which reduces eq 2a to

i kGKIHO,]
(L] [CsH,601 (4)

Alternatively, for TBHP and CHP, Ti active sites under
sufficiently high [ CgH,¢] become saturated with CgH, ¢, which
simplifies eq 2b

T k4K2K3[ROOH]
(L] K; ()

Equations 4 and S show epoxidation turnover rates that do not
depend on [C¢H 4], which is consistent with the observations in
Figure 3.

The mechanisms for epoxidations with H,0,, TBHP, and
CHP possess many similarities, and the rate expressions simplify
to identical forms when Ti-OOR species saturate active sites.
The measured rates of CgH 4 epoxidation, however, vary by
orders of magnitude between reactions conducted with different
combinations of oxidants and Ti-silicates even within identical
kinetic regimes (ie., under comparable MARI). For example,
the turnover rates of epoxidation with H,O, on Ti-BEA-12.5
(Figure 3a, 1 mM CgH () are 170- and 30-fold greater than those
with CHP or TBHP, respectively. In contrast, epoxidation
turnover rates are more similar among oxidants within Ti-SBA-
15: CgH 4 epoxidation rates with H,O, are 40- and 7-fold greater
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Figure 4. Values of (a) apparent activation enthalpies (AH}'\PP) and (b) apparent activation entropies (ASf\PP) for CgH,4 epoxidation with H,0,,
TBHP, and CHP over Ti-BEA-12.5 (solid symbols) and Ti-SBA-15 (open symbols) on Ti-OOR saturated active sites. For reactions with H,0,,
differences in AH}iPP and ASﬁPP between Ti-BEA-12.5 and Ti-SBA-1S5 represent differences in the adsorption enthalpies or entropies of CgH 4 into the
*BEA framework, relative to SBA-15 (denoted as AAH, 4 or AAS,4,). The dashed lines are intended to guide the eye, and vertical offsets are set equal
to the values of AAH,4 or AAS,g,. Deviations from these lines for TBHP and CHP oxidants suggest differences between the conformational
interactions at epoxidation transition states Ti-SBA-1S relative to Ti-BEA-12.5.

Scheme 3. Born—Haber thermochemical cycle that describes the hypothetical series of steps that form epoxidation transition
states from a Ti-OOR saturated surface and a fluid-phase alkene”

Free Energy

Transition State Theory R = H, tBu, cumyl

Reaction Coordinate

“Ti-OOR and fluid-phase alkene are assumed to exist in equilibrium with transition states for epoxidation. The equilibrium is described by a
transition state equilibrium constant (K*) and an apparent free energy of activation (AGIi\pp)' This thermochemical sequence involves multiple
steps, which include the adsorption of the alkene onto the pores (G,g,), conformational arrangement of the alkene, Ti-OOR, and solvent molecules,
leading to specific inner-sphere interactions (AGyg), and charge transfer between the Ti-OOR intermediate and the C=C to form the transition
state (AG},,). The adsorption of the alkene onto the pores of the silicate displaces solvent molecules, which is depicted within a dashed cylinder.
The dashed curve surrounding the alkene in states 3 and 4 represents the reorganization of the alkenes, Ti-OOR, and the surrounding solvent
molecules, which lead to inner-sphere interactions among these species.

than CHP and TBHP (Figure 3b, 10 mM CgH,), respectively. the differences in the electronic properties of the reactive Ti-
Moreover, epoxidation rates are consistently 10100 times OOR intermediates as well as differences in the molecular
larger within Ti-BEA-12.5 than within Ti-SBA-15, for a given
oxidant. The dependence of epoxidation catalysis on the identity
of the oxidant and the size of the surrounding pore likely reflects silicate surfaces, and confined solvent structures.

interactions among epoxidation transition states, extended
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3.3. Decoupling Free-Energy Contributions of Ad-
sorption, Conformation, and Charge Transfer. Alkene
epoxidations with H,0,, TBHP, or CHP involve reactive Ti-
OOH or Ti-OOR intermediates and transition states whose
stabilities depend on the electronic properties of the peroxide
species in addition to interactions that depend on the size of the
surrounding pore, physicochemical properties of the reacting
species, and structure of the solvating molecules. Our past work
shows that the electronic characteristics of Ti-OOH do not
depend measurably on the topology of Ti-silicates,*”** which
suggests that the same may hold for Ti-OOtBu and Ti-OOcumyl
intermediates. Intermolecular interactions between reactive
species (e.g, the alkyl groups of ROOH and the alkene),
however, should depend strongly on the size of the surrounding
void and the proximal molecules that influence the con-
formations of these species. Comparisons of apparent activation
free energies among distinct combinations of Ti-silicates,
oxidants, and alkenes should provide insight into how these
various types of interactions impact stabilities and rates.

Figure 4 shows how apparent activation enthalpies (AH} app)
and entropies (AS},,) depend on oxidant identity within both
Ti-BEA-12.5 and Ti-SBA-15. Within Ti-BEA-12.5, AHAPP
the lowest with H,0, and are greater by 7 and 12 k] mol ' i
reactions with TBHP or CHP, respectively. The values of ASipp,
however, do not depend on oxidant identity within Ti-BEA-
12.5, because the dominant entropy losses result from the
adsorption of fluid-phase CgH;4 to form the epoxidation
transition states. Within Ti-SBA-1S5, the values of AHﬁPP are
similar for epoxidations with H,O, and TBHP but are 7 k_] mol ™
lower when CHP is used as the oxidant. The values of AS% App aT€
15 and 43 J mol™' K™! more negative than that for H,0, when
using TBHP or CHP, respectively. The results shown in Figure 4
clearly demonstrate that the epoxidation rates depend on the
pairing of the chemical oxidant with the silicate topology but,
moreover, reflect distinct ways in which the alkene and the alkyl
group of the oxidant interact with their surroundings.

Transition state theory posits that the reaction rates are
proportional to the number of activated complexes that exist in
equilibrium with the preceding state within the catalytic
cycle.”~%° A transition state equilibrium constant, K¥, quantifies
the relative number of each of these species. Under reaction
conditions that result in a Ti-OOR MARI (Section 3.2; eq 3),
the corresponding rate expression for epoxidation can be
expressed as

kT 3
r_E = b_e(_AGfiPP/RT)[CsHlé]
(L] H (6)

where k, and h are the Boltzmann and Planck constants,
respectively, R is the ideal gas constant, T is the temperature in
kelvin, and AG}'\PP is the apparent free energy of activation. Here,
apparent free energies of activation represent

AGz:ipp =G' - Gri—oor —

GAlkene (7)
where G¥, Gr; _ gop, and Gyjene are the free energies of the
transition states for epoxidation, the Ti-OOR intermediates, and
fluid-phase alkene, respectively. Alkene adsorption into the Ti-
silicate pores is quasi-equilibrated,*”** which conveniently
allows the use of fluid-phase alkenes as the reference state to
facilitate comparisons among the different combinations of
catalysts and oxidants.

Born—Haber thermochemical cycles provide an approach to
deconstruct the change in free energies caused by a chemical

process (e.g, AGiPp) into a series of hypothetical intermediary
steps. Scheme 3 shows such a series of steps that conveniently
deconvolute interactions that contribute to the measured values
of AG};PP. To begin, CgH,¢ enters the voids of the Ti-silicate,
displaces solvent molecules, and interacts with the surrounding
pore walls, which give rise to the free energy of adsorption
(AGypg,). Next, the solvent, Ti-OOR, and CgH,s undergo
configurational and conformational changes that lead to inner-
sphere interactions among reactive species and position the
intermediates for O-atom transfer events, which subsequently
form the epoxidation transition state (AGig;).*>” Finally, the
epoxidation transition states form by electron exchange between
the C=C and the vicinal oxygen within the Ti-OOR
intermediate, which results in the intrinsic free energy of
activation (AG},). In this hypothetical cycle, the values of
AGf\PP take the form:

AGL,, = AG, + AGy, + AGy (8)

The ways in which AG},, AGg, and AGyg depend on the
identity of the oxidant, size of the surrounding pore, and length
of the alkene can be deconvoluted through the careful analysis of
a series of kinetic experiments.

The values of AG}, reflect the ease of transferring the
proximal O-atom within Ti-OOR groups to the alkene and,
therefore, should depend on the electronic properties of the
alkene and Ti-OOR. Here, we examine how epoxidation rates
differ between styrene and para-bromostyrene across the Ti-
silicates and with each of the peroxide oxidants. This analysis
assumes that the values of AG,4; and AGig for styrene (CgHy)
and p-bromostyrene (CgH,Br) are indistinguishable, such that
differences in the ratio of their epoxidation rates (rg,/ry) only
report on differences in the electronic properties of the reactive
Ti-OOR intermediates and epoxidation transition states (i.e.,
reflects how AG}, values depend on oxidant and alkene
identity). The ways in which ry,/ry vary with the Hammett
constant (Gpm) is fitted using the Hammett equation in the
form:

gy + 4
loglo[%] = para'ppam ~ (AGIit,Br - AGftnt,H)'loglo(e)
H

)
where rp, and ryy are the epoxidation rates for (substituted)
styrene epox1dat10n and p,,, is the reaction constant, which
reflects how AG},, depends on the electronic properties of the
reacting species. Figure S shows that the values of rp,/ry across
all Ti-silicates (Ti-BEA-12.5, Ti-BEA-F, and Ti-SBA-15) are
smaller when H,0, is used as the oxidant (0.71 + 0.05) and
larger when using TBHP (0.86 + 0.05) or CHP (0.90 + 0.05),
which indicates that the extent of electron exchange at the
transition state differs with the oxidant used for epoxidation.
Bromine functional groups are halogen-bond acceptors’ that
may form X—H bonds with H,O localized near Ti active sites.
As such, we compare rate ratios within Ti-BEA-12.5 and Ti-
BEA-F (i.e.,, hydrophobic Ti-BEA) to determine whether the
presence and proximity of H,O to active sites affect these
conclusions because Ti- BEAF does not possess significant
densities of H,O near Ti atoms."” In all combinations of oxidant
and silicate, the values of p,,,, are negative, which agrees with
expectations based on the reduction of the Ti-OOR
intermediate during O-atom transfer.”” The values of Ppara aTE
largest for reactions with H,O, and are smaller with TBHP or
CHP because Ti-OOtBu and Ti-OOcumyl intermediates are
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Figure S. Ratio of epoxidation turnover rates for p-bromostyrene
relative to styrene (rg,/ry) as a function of oxidant identity for Ti-BEA-
12.5 (solid symbols), Ti-SBA-1S (open symbols), and Ti-BEA-F
(symbols with an “X”). All reactions contained 10 mM alkene, 39 mM
H,0, and 10 mM H,0,, 10 mM TBHP, or 0.3 M CHP in CH;CN at
313 K. The reaction constants (ppara) shown are the averaged values for
all three Ti-silicates using the Hammett equation (eq 9).

less electrophilic than Ti-OOH. Consequently, these data
suggest that O-atom transfer via Ti-OOH intermediates
possesses a lower intrinsic energy barrier (AG},) than reactions
with Ti-OOtBu or Ti-OOcumyl species.

Comparisons of p,,,, values across oxidants are identical
within the experimental uncertainty for the three Ti-silicates
examined (Ti-BEA-12.5, Ti-BEA-F, and Ti-SBA-15), which
demonstrates two key points. First, these consistent trends
support our assumptions that the values of AG,4, and AGig; are
similar for both CgHg and CgH,Br, regardless of the size or
silanol density (i.e., polarity) of the surrounding pore. Second,
the uniformity of p,,,;, values for a given oxidant suggests that the
electronic properties of Ti-OOR intermediates and epoxidation
transition states do not depend on the physical or chemical
properties of the Ti-silicate and therefore, neither do AG,,
values.

The adsorption of alkenes from the fluid phase onto the pores
of a Ti-silicate and the concomitant displacement of solvent
molecules reflect the values of AG,4, (Scheme 3) and depends
strongly on the mean pore diameter and topology of the
silicate.**** We compare the stability of CgH 4 adsorbed onto
Si-BEA-12.5 and SBA-15 using enthalpies of adsorption
(AH,g,), which are determined by van’t Hoff analysis of
CgH,4 uptake within CH;CN (Section S1.3). The values of
AH,q, onto Si-BEA-12.5 and SBA-1S are equal to —85 + 6 and
— 51 + 5 kJ mol ™, respectively. The difference between AH
of CgH,4 for Si-BEA-12.5 and for SBA-15 (AAH,,; 34 k] + 8
mol~!) resembles the difference between the values of AH;T;PP for
CgH,s epoxidations with H,O, for these materials
(AAH;T;PP, Ti-oon = 30 + 7 kJ mol™). Consequently, the
differences in epoxidation rates with H,O, between Ti-BEA-
12.5 and Ti-SBA-1S primarily reflect the stabilization of CgH 4
within the silicate pores because the electronic properties of Ti-
OOH intermediates and AGE, remain constant between these
materials (vide supra). These data and interpretations agree with
previous observations from our group on epoxidations over Ti-,
Nb-, and Ta-silicates,*® where the values of AAHiPP for styrene
epoxidation with H,0, among M-BEA-12.5 and mesoporous M-
SiO, are equivalent to AAH,y, for styrene into Si-BEA-12.5
relative to 8102.48 Interactions among Ti-OOH intermediates,
adsorbed CgH,4, and the surrounding solvent structures (i.e.,

AGyg) seem negligible, because the relatively small —OOH
functions do not sense differences in the pore diameter or
solvent structure within Ti-BEA-12.5 and Ti-SBA-15. Moreover,
the general observation that the rates of epoxidation with H,0,,
TBHP, or CHP (Figure 3) are greater in Ti-BEA-12.5 than in Ti-
SBA-15 reflects the contributions from the stability of intrapore
CgH ¢ and the transition states that report on AAH 4.

The differences in the stability of the adsorbed alkene and the
electronic properties of the Ti-OOR intermediates, however, do
not explain the differences in AH}iPP or ASZQPP among the
different oxidants within Ti-BEA-12.5 relative to Ti-SBA-15,
which is represented by deviations from the parallel lines in
Figure 4. These deviations, rather, relate to differences in the
interactions among reactive species and solvent molecules that
arise from molecular reorganization prior to O-atom transfer
(i.e,, AGyg, Scheme 3).

The ways that the size of the surrounding pore affects the
conformation of transition states and the interactions among
intraporous CgH ¢ and Ti-OOR species can be understood by
taking the difference between AG};PP for reactions within Ti-
SBA-15 and those in Ti-BEA-12.5:

AAGI:}’:cure = AGj:gpp,Ti—SBA—IS - AGji\.pp,Ti—BEA—IZAS
= AAG,, + AAGyg (10)

where AAGg represents the change in free energy associated
with inner-sphere interactions among adsorbed CgH ¢, Ti-OOR
species, and the surrounding solvent within Ti-SBA-15 relative
to Ti-BEA-12.5. As described above, differences between AG},,
on these Ti-silicates are negligible.

The vertical offset in the dashed lines in Figure 4 for reactions
represents the expected trends in AG;{PP when differences in the
stability of adsorbed CgH 4 (i.e., AAG,q,) are solely responsible
for the changes in catalytic rates (i.e., if AAGyg were negligible).
The apparent deviations for the values of AHE&PP and ASf\PP of
reactions with TBHP or CHP within Ti-SBA-15 strongly
suggest that interactions among the —R groups, adsorbed CgH g,
and the surrounding solvent depend on the size of the confining
pore. Values of AAHjg for reactions with TBHP and CHP are
equal —8 and — 19 kJ mol ™', respectively. Values of AASg; for
TBHP and CHP are —15 and — 43 ] mol™' K™/, respectively.
Collectively, the mesopores of Ti-SBA-15 relative to Ti-BEA-
12.5 allow for conformational changes that lower AAG,. by 5
kJ mol™ for reactions with TBHP and CHP. This decrease in
free energy, afforded by the mesopores of SBA-15, shows why
epoxidation rates within Ti-SBA-15 are less sensitive to oxidant
identity than reactions within Ti-BEA-12.5 (Section 3.2).
Further, the values of ASXPP for reactions within Ti-BEA-12.5
are indistinguishable among all oxidants, which suggests that the
dominant entropy loss arises from the adsorption of CgH, 4 onto
the BEA framework.

The adsorption of an alkene onto the silicate pores and
subsequent interactions between reactive functions contribute
to the changes in AGiPp. 1-Octene adsorbs exothermically onto
both SBA-15 and Si-BEA-12.5; however, comparisons of
AAHg and AAS; show that the interactions between reactive
Ti-OOtBu or Ti-OOcumyl intermediates with adsorbed CgH g,
prior to the formation of transition states, do not completely
offset the lower value of AG,4, within Ti-BEA compared to Ti-
SBA-15. This finding suggests that the micropores of Ti-BEA-
12.5 enforce specific conformations of alkyl Ti-OOR species
with CgH4 during epoxidation that hinder inner-sphere
interactions. In contrast, the mesopores of Ti-SBA-15 allow
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Figure 6. Ratios of epoxidation turnover rates for 1-alkenes (C,H,,, for n = 6—10) to those for C¢H,, as a function of the carbon number over (a) Ti-
BEA-12.5 and (b) Ti-SBA-15 with 10 mM H,0, (blue A), 10 mM TBHP (black M), or 0.3 M CHP (green ¥) in CH;CN (with 39 mM H,0) at 313
K. In panel (a), reactions with H,0,, TBHP, and CHP contained 0.5, 10, or 10 mM alkene, respectively. In panel (b), all reactions contained 10 mM

alkene.

the bulky alkyl Ti-OOR intermediates and CgH,4 molecules to
access a greater range of conformations that allow for greater
enthalpic stabilization (i.e., more negative AAHg) and also
increased entropic losses (i.e.,, more negative AASg).

To summarize thus far, these comparisons show that
epoxidation rates depend on the oxidant identity and pore
diameter in ways that reflect differences in the electronic
properties of the Ti-OOR intermediates (ie., AGj,), the
stability of the intraporous alkene (i.e., AG,4), and interactions
among reactive species and the surrounding environment (i.e.,
AGyg). Turnover rates are greatest in reactions with H,0,
because Ti-OOH intermediates are more electrophilic than Ti-
OOtfBu and Ti-OOcumyl species which lowers the value of
AG},,, which has the greatest impact on the measured rates.
Separately, epoxidation rates are larger within Ti-BEA-12.5 than
within Ti-SBA-1S5, for any given oxidant, because the adsorption
of CgH 4 onto the BEA framework is more exergonic than onto
SBA-15. Finally, inner-sphere interactions among reactive Ti-
OOR species and specific conformations of CgH ¢ and solvent
molecules, prior to electron transfer events, lead to changes in
AGg; that depend on the structure of the oxidant, alkene, and
pore.

3.4. Effects of Steric Bulk and Pore Diameter on
Transition State Stability. The ways in which the
reorganization of and interactions among Ti-OOR intermedi-
ates, bound alkenes, and the surrounding solvent depend on
pore diameter (i.e,, AGyg) can be understood and quantified by
systematically changing the structure of the reactants. Figure 6
shows the ratios of 1-alkene (C¢—C,,) epoxidation turnover
rates to those for 1-hexene as functions of the chain length for
reactions with H,0,, TBHP, and CHP in Ti-silicates. The
turnover rates for 1-alkene epoxidation for all combinations of 1-
alkene, oxidants, and Ti-silicates are provided in Figure S10.
Within Ti-BEA-12.5, the rates of epoxidation with H,O,
increase by a factor of two between C¢H,, and C;,H,, with an
exponential dependence on the number of methylene units
(Figure 6a). The rates of 1-alkene epoxidation with TBHP and
CHP depend more strongly than H,0, (i.e., increase by a factor

10179

of 4 between C4H,, and C,oH,; Figure 6a) on the chain length
of the 1-alkene in Ti-BEA-12.5. The dependence of epoxidation
rates on the 1-alkene structure for a given oxidant reflects the
confluence of how both AG,4, and AGig; depend on the chain
length because the electronic properties of the C=C do not
change significantly with the addition of a methylene group far
from the double bond. If differences in AG,4 were solely
responsible for changes in the turnover rates among 1-alkenes,
then epoxidations with H,0,, TBHP, and CHP should exhibit
the same dependence on the number of methylene units.
Epoxidation rates with TBHP and CHP increase with a stronger
dependence on 1-alkene chain length, which suggests that the
bulky Ti-OOBu and Ti-OOcumyl intermediates and surround-
ing solvent interact more favorably with the adsorbed alkene
(i.e., stabilizing AGgy) than do Ti-OOH species.

Figure 6b shows that the epoxidation rates with H,O, in Ti-
SBA-1S decrease significantly with carbon number (by a factor
of 5 between C4H,, and C,,H,,). When TBHP is used as the
oxidant, the rates of epoxidation decrease by a factor of two
between C4H;, and C,yH,,, while epoxidation rates with CHP
in Ti-SBA-15 show no dependence on the chain length. In
general, 1l-alkene epoxidation rates decrease with the chain
length in Ti-SBA-15 due to the increased entropic losses of
adsorption that are not fully compensated by stabilizing
dispersive interactions with the pore wall (i.e., AG,g, becomes
more positive with the chain length). Within both Ti-BEA-12.5
and Ti-SBA-1S, epoxidations with H,0, do not reflect
significant contributions from AGyg (see above), which suggests
that the changes in the turnover rates with the 1-alkene structure
results primarily from the differences in AG,4, within the BEA
and SBA-1S pores. For both catalysts, reactions with TBHP and
CHP show a more positive dependence on 1-alkene chain length
than H,0,, which indicates that the interactions among
activated oxidants, bound alkenes, and the surrounding solvent
structures are stabilizing (i.e., values of AGg; are negative).

The free energies that describe the interactions among Ti-
OOR intermediates, adsorbed alkenes, and the surrounding
solvent structures before O-atom transfer (AGig;) can be related
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to the quantitative measure for the steric bulk of the interacting
species (e.g, the pendant alkyl groups of the oxidant and
alkene), which is expressed as

AGISI = pt(QR + QAIkene) (11)

where €, is the solid angle occupied by species i (see Section S5
for given values ), which quantifies the steric bulk of the
interacting functional groups (i.e., the —R group of Ti-OOR or
the alkyl chain of the 1-alkene),” and p; reflects the sensitivity of
AGg; on the steric bulk of the 1-alkene for a given combination
of the oxidant and Ti-silicate. Values of AGg; for epoxidations
with H,0, are assumed to be negligible (Section 3.3), which
suggests that the values of p; y (i.e., p; for reactions with H,0,)
are also zero. Consequently, the ways in which p; (R =-tBuor
-cumyl) depends on the pore diameter of the Ti-silicate can be
determined by taking the difference in AGS{PP for reactions with
ROOH relative to those with H,0, (AAG; _ )

AAGI‘E—H = AG“i\pp,ROOH - AG“i\pp,HzO2
= AAGlim,R—H + P, (Qr + Quene) (12)

where AAGI'EH, r_ g represents the difference in the intrinsic free
energies of activation for the epoxidation of a given alkene by Ti-
OOtBu or Ti-OOcumyl relative to Ti-OOH. By taking these
differences, we remove the contributions from the AG,4, which
depends on the structure of the 1-alkene and the topology of the
silicate.

Figure 7 shows that values of AAG} _ y; decrease linearly with
cumulative steric bulk of the alkyl function of Ti-OOR and the
aliphatic tail of the 1-alkene. Within both Ti-BEA-12.5 and Ti-
SBA-15, the values of AAthty R — g are nearly constant for a
given oxidant (e.g, ~ 15 + 3 k] mol™" for TBHP, ~ 23 + 3 kJ
mol™ for CHP; Table 2), which confirms that these values
remain independent from differences in free energies of
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Figure 7. Differences between the apparent free energies of activation
for 1-alkene epoxidation with TBHP (black M) or CHP (green V)
relative to 1-alkene epoxidation with H,O, over Ti-BEA-12.5 (solid
symbols) or Ti-SBA-1S (open symbols) as a function of the solid angle
of the 1-alkene tail (e.g., n-butyl tail for 1-hexene). Values of AGipP were
calculated from turnover rates (Figure S10) using eq 6. Dashed lines
represent fits of eq 12 whose slopes and intercepts are equal to p; y and
(AGIT,;L R — 1), Tespectively.

adsorption of the alkene (AG,g,) that would depend strongly
on the size of the surrounding pore. Table 2 shows that the
values of AAGI'I;L r — p are greater for reactions with CHP than
with TBHP, which is consistent with the interpretation that Ti-
OOH intermediates are more electrophilic than Ti-OOtBu
species, which are more electrophilic than Ti-OOcumyl
intermediates. Moreover, the invariance of AAGlﬁt, rR_py fora
given oxidant with pore diameter, in conjunction with Hammett
analysis for substituted styrene epoxidation (Section 3.3),
corroborates the finding that the electronic properties of Ti-
OOR intermediates do not depend on the shape or size of the
confining pore. Rather, the electronic differences among Ti-
OOR depend solely on the substitution of the reactive peroxide
intermediate. These interpretations regarding the effect of Ti-
OOR electrophilicity on epoxidation rates (Section 3.2) agree
with previous observations for alkene epoxidation*®>® (and
thiophene oxidation)>” over early transition metals substituted
into BEA-12.5 and grafted onto mesoporous SiO,, where
(ep)oxidation rates depend exponentially on the electrophilicity
of M-OOH and M-(*0,) intermediates controlled by the
functional Lewis acid strength of the active site (assessed by the
gas-phase adsorption enthalpies of pyridine and deuterated
acetonitrile).

The sensitivity of the inner-sphere interactions among the
reactive Ti-OOR intermediate and the aliphatic tail of the 1-
alkene on pore diameter is reflected in the values of p; . Table 2
shows that all values of p; y are negative (Table 2), which
demonstrates that these molecular interactions become more
stabilizing as the steric bulk of the alkene increases. This agrees
with chemical intuition, as short-ranged interactions among
alkyl —R groups and aliphatic methylene chains are generally
thought of as stabilizing interactions. Within Ti-BEA-12.5, the
values of p,  for TBHP and CHP are identical, which suggests
that Ti-OOtBu and Ti-OOcumyl intermediates interact with the
adsorbed alkenes and surrounding solvent molecules to similar
extents. Values of p, p within Ti-SBA-1S5, however, are
significantly greater than those within Ti-BEA-12.5, which
further suggests that the mesopores of SBA-15 allow for a greater
number of stabilizing configurations among alkenes and Ti-
OOR species that lower the free energy of the transition states.
The interpretation of these data sets (Figure 7) with eq 12 to
examine the inner-sphere interactions requires multiple
assumptions, and the potential limitations of this approach are
discussed in the Supporting Information (Section S6).
Collectively, these data and interpretations show how the size
of a microporous channel impacts the interactions among
surface intermediates, provides a quantitative framework to
interpret how the free energies of an aggregate complex depend
on the size of its constituents, and helps to develop an intuition
for the impact of inner-sphere interactions on catalysis at solid—
liquid interfaces.

Hydroperoxide oxidants and Ti-silicate catalysts are used
industrially to produce propylene oxide (PO); however, the
reasons why specific combinations of oxidants, catalysts, and
solvents give the greatest rates and selectivities are unclear. For
example, either Ti-MFI or Ti-MWW catalysts are used with
H,0, in either CH;0OH or CH;CN solvents, respectively, in
variations of the hydrogen peroxide-propylene oxide (HPPO)
process.”**” Alternatively, mesoporous Ti-SiO, catalysts are
used for propylene epoxidations with TBHP, ethylbenzene
hydroperoxide, and CHP in the propylene oxide-tert-butyl
alcohol (PO-TBA), Shell styrene monomer-propylene oxide
(SMPO), and propylene oxide-only (PO-only) processes,
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Table 2. Sensitivities for Stabilizing Inner-Sphere Interactions among Ti-OOR Intermediates and the Aliphatic Tail of 1-Alkenes
(P, ») and Differences in the Intrinsic Free Energies of Activation for 1-Alkene Epoxidation between TBHP or CHP and H,0,

(AAGIjr:\t, R - H)a

sample Pz, tBu (k.] mol ™! Sr'_l) AAant, tBu — H (kJ mOI_l) P+, Cumyl (k.] mol™! sr'_l) AAGil:nt, cumyl — H (k.] mOI_l)
Ti-BEA-12.5 —08 0.1 152 —0.8 £ 0.1 20+2
Ti-SBA-15 -13+02 14+£2 -25+03 27 £2

“Values of p;  and AAGI,%L r — g are determined from the regression of eq 12 to the data shown in Figure 7.

respectively.”' In general, industrial epoxidations with H,0O, are
carried out using microporous Ti-zeolites likely because these
materials selectively stabilize propylene epoxidation transition
states and solvent structures that give high rates of epoxidation.
In contrast, alkyl hydroperoxide oxidants in PO synthesis
exclusively use mesoporous Ti-silicates. In the context of this
work, the mesoporous Ti-silicates likely allow for the bulky Ti-
OOR intermediates to form specific configurations with
adsorbed propylene and other solvating molecules that lower
the free energy of the complete activated transition state relative
to within microporous Ti-zeolites and minimize differences in
rates that would result from the electronic differences in Ti-
OOR versus Ti-OOH intermediates. Consequently, this work
partially clarifies and rationalizes why specific combinations of
peroxide oxidants (i.e., H,O, vs alkyl hydroperoxides) and Ti-
silicates of various pore dimensions (i.e. zeolites versus
mesoporous SiO,) are chosen for an industrial process.

4. CONCLUSIONS

The turnover rates for alkene epoxidations with H,0,, TBHP, or
CHP at Ti active sites within Ti-BEA-12.5 vary by up to a factor
of 170 depending on the oxidant used. In contrast, 1-octene
epoxidation rates within Ti-SBA-15 only vary by a factor of 40
among H,0,, TBHP, and CHP. Moreover, for any given
oxidant, epoxidation rates are greater in Ti-BEA-12.5 than in Ti-
SBA-15 by 10—100-fold. These difterences are not due to
changes in the mechanism for epoxidation, which are equivalent
among all combinations of oxidants and Ti-silicates. Rather, the
dependence of turnover rates on the l-alkene chain length,
oxidant identity, and zeotype pore diameter reflect differences in
AG,

Transition state theory formalisms within a Born—Haber
cycle enable the deconvolution of AG!i\pp into specific
contributions from (1) the electron exchange that leads to O-
atom transfer among Ti-OOR intermediates and the C=C
functions (AGj,,), (2) the adsorption of the alkene onto the
silicate pore that occurs with the concomitant exclusion of
solvent molecules (AG,g,), and (3) the configurational and
conformational changes in the adsorbed alkene, Ti-OOR
intermediates, and confined solvent that lead to specific inner-
sphere interactions among these species (AGig). Hammett
analysis of substituted-styrene epoxidation shows that the
electronic properties of Ti-OOR intermediates and epoxidation
transition states for a given oxidant (i.e., AG},) do not depend
on the size or the polarity of the surrounding pore. The values of
AG},, however, do show a strong dependence on the identity of
the oxidant and increase as the oxidant is changed from H,0, to
TBHP to CHP, which rationalizes the differences in the
epoxidation turnover rates among the different oxidants.
Comparisons among AGf\PP for reactions with H,0, in Ti-
BEA-12.5 and Ti-SBA-1S show that the differences in
epoxidation rates can be fully explained by the differences in
the stability of the 1-alkene adsorbed onto the pores of the
silicates (i.e., AGyg,). Moreover, differences in AG,g4, among

BEA and SBA-15 explain why, in all cases, epoxidation rates are
greater within Ti-BEA-12.S than within Ti-SBA-15. The distinct
dependence of epoxidation rates on oxidant identity within the
Ti-BEA-12.5 and Ti-SBA-15, however, reflects inner-sphere
interactions (i.e., AGy) among the Ti-OOtBu and Ti-
OOcumyl intermediates with the adsorbed alkene that depend
on the surrounding solvent structures and the confining pore
walls.

We have presented a thermodynamic model, which shows
that the values of AGg are proportional to a quantitative
measure for the steric bulk of the reacting species (e.g., the alkyl
functions of the oxidant and the alkene). The sensitivity of AGg;
on the steric bulk of the reacting species reflects how the
conformation of the aggregate complex is influenced by the size
of the confining pore walls. Specifically, the mesopores of Ti-
SBA-15, relative to the micropores of Ti-BEA-12.5, allow for the
specific configurations of Ti-OOR intermediates and 1-alkenes
that lower the free energy of the transition states and decrease
the sensitivity of epoxidation rates on oxidant identity with an
increasing pore diameter.

Collectively, the data and interpretations presented here show
how inner-sphere interactions among reactive species can be
tuned by engineering the shape and size of the surrounding pore
environments and help in developing an intuition for how to
conceptualize inner-sphere interactions at the solid—liquid
interface.
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