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ABSTRACT: Reorganization of confined alcohol networks
reshapes adsorption and activation thermodynamics in Lewis acid
zeolites, yet the roles of adsorbate sterics and non-H-bonding
cosolvents remain unclear. We investigate transfer hydrogenation of
methyl- (mCH) and tert-butylcyclohexanone (tbCH) with 2-
butanol over hydrophobic Sn-Beta. First-order rates per defect-
open Sn site are 2—5X higher for mCH than tbCH, but converge in
the zero-order regime (333—393 K), indicating that solvent
reorganization entropically drives adsorption, while bond activation
is insensitive to ketone structure. Reactions in toluene or
acetonitrile (with 1 M 2-butanol) show that intraporous solvent
organization governs transition-state stabilization: on hydrophobic
Sn-Beta, apparent enthalpies and entropies rise with decreasing

Selective adsorption regulates intraporous solvent structures...
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...with kinetic consequences due to solvent reorganization

solvent polarity, whereas hydrophilic zeolites display nearly constant barriers across solvents. Liquid-phase IR spectroscopy
corroborates these trends, showing that hydrophilic pores enforce 2-butanol-like solvation environments even in toluene. Together,
these results reveal how zeolite pores regulate the intraporous solvent structure, whose reorganization upon adsorption reshapes the

thermodynamic landscape of Lewis acid catalysis.
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1. INTRODUCTION

Alcohols and carboxylic acids offer a renewable alternative to
gas-phase reductants, such as molecular hydrogen, by acting as
hydrogen donors in the catalytic reduction of biomass via
transfer hydrogenation.' ™ A key pathway in this context is the
Meerwein—Ponndorf—Verley reduction and Oppenauer oxi-
dation (MPVOQ) reaction, wherein an alcohol donates
hydrogen atoms to an aldehyde or ketone, facilitating the
reduction of oxygenates."™® While homogeneous Lewis acids
catalyze this reaction,”'" they offer limited control over the
structure of confined solvent molecules, selective adsorption,
or transition state stabilization.

Lewis acidic zeolite catalysts containing tetravalent heter-
oatoms (e.g, Sn*, Hf", Zr*) are water-tolerant'?> and
selectively catalyze transfer hydrogenation reactions under
mild reaction conditions'*™'® due to their ability to
preferentially coordinate and polarize carbonyl functional
groups.'”~'? Although transfer hydrogenation reaction rates
depend on framework topology, active site identity, and
hydrogen-donor character,”*° mechanistic understanding
remains limited, mainly due to the complexity introduced by
liquid-phase reaction conditions, where interactions between
coadsorbed species, solvents, and different surface sites
convolute reactivity trends.”’
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Solvent identity strongly influences the stability of confined
intermediates and transition states by modulation of the local
environment at the active site. Solvent-dependent partitioning
of adsorbates between the bulk and intraporous zeolite phase
affects adsorption equilibrium constants and explains kinetic
trends in liquid-phase alkylation®* and epoxidation®*™*°
catalysis. For instance, liquid-phase adsorption of pyridine
onto Brensted acidic zeolites (e.g., Beta and FAU) becomes
more favorable in nonpolar environments (e.g., dioxane)
relative to aqueous environments,”® and Ti-Beta zeolites
catalyze glucose isomerization to both fructose and sorbose,
with solvent polarity shifting selectivity toward fructose in
water and toward sorbose in methanol.”” Turnover rates (per
H* site) for xylose dehydration (418—448 K)** and phenol
alkylation (453 K)** increase in nonpolar solvents (relative to
bulk water) when Bronsted acid sites are confined within the
microporous channels of zeolite catalysts. In Ti-Beta zeolites,
l-octene epoxidation rates (per Ti, 313 K) are independent of
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Table 1. Summary of Sn Loading, Lewis Acid Site Density, Ratio of Defect-Open to Closed Sn Sites, Silanol Concentration,
and Absorption Edge Energies for Si-Beta-F, Si-Beta-OH, Sn-Beta-F, and Sn-Beta-OH zeolites

Sample Si/Sn“ Micropore Volume” LAS/Sn®
Si-Beta-F - 0.21
Si-Beta-OH - 0.19 -
Sn-Beta-F 188 0.22 0.86
Sn-Beta-OH 326 0.19 0.74

Open/Closed Ratio® SiOH Content™? Edge Energy”

0.8
- 53.7 -
0.51 3.5 5.83
0.75 63.0 S5.63

“Determined via bulk ICP-MS measurements. bMicropore volume in cm® per gram of zeolite at standard temperature and pressure. Determined
from N, adsorption isotherms measured at 77 K (Section S.2). “Quantified from IR spectra of adsorbed CD;CN (303 K; Figure 1). ¥Silanol
concentration expressed as 107> moles SiOH per gram of zeolite. “Edge energies in eV. Determined from intercept of the linear portion of the

absorption edge (Section S.3).

SiOH defect density in anhydrous acetonitrile using tert-butyl-
peroxide as the oxidant, but are nearly 100 times higher on
hydrophilic Ti-Beta than on hydrophobic Ti-Beta when using
aqueous H,0, (3.9 X 107 mol L™ H,0).>**

Prior work from our group showed that MPVO turnover
rates between 2-butanol and cyclohexanone are 10X higher in
hydrophobic Sn-Beta-F than in hydrophilic Sn-Beta-OH, due
to the disruption of ordered 2-butanol networks during
adsorption.”” While this highlights the role of zeolite pore
polarity on the reorganization of alcohol networks during
MPVO catalysis, understanding of how these alcohol networks
reorganize and influence the stability of transition states and
surface intermediates, in response to the sterics of the ketone
adsorbate or the presence of non-H-bonding cosolvents,
remains unclear.

Here, we assess how MPVO transition-state stability
depends on the interplay among the steric bulk of the ketone,
the polarity of the solvent, and the polarity of the zeolite
framework through thermochemical analysis of reaction
kinetics. We measured turnover rates, activation barriers, and
adsorption thermodynamics on Sn-Beta zeolites. We inves-
tigated the role of the solvent polarity by measuring MPVO
rates (per defect-open Sn) in acetonitrile (CH;CN), a polar,
aprotic solvent that does not form H-bonding networks, and in
toluene, a nonpolar solvent, with a constant 1 M 2-butanol as a
function of cyclohexanone activity (0.01—1 M cyclohexanone)
and temperature (333—413 K) over hydrophobic Sn-Beta-F
and hydrophilic Sn-Beta-OH catalysts. Increasing solvent
polarity leads to more negative adsorption enthalpies and
entropies within hydrophobic pores, indicating the reorganiza-
tion of H-bonded networks. In the zeroth-order regime, polar
solvents favor tighter transition-state solvation and higher
MPVO rates at low temperatures, whereas weaker solvation is
favored at higher temperatures. To investigate the thermody-
namics of reorganizing confined H-bonded networks, we
measured MPVO rates using various alkylcyclohexanone
moieties (e.g, methyl-cyclohexanone), increasing steric bulk
while controlling for specific inner-sphere interactions between
the ketone and the coadsorbed 2-butanol. Larger ketones
impose higher enthalpic penalties and greater entropic gains
for adsorption due to disruption of confined 2-butanol
networks yet exhibit unchanged zero-order rate constants.
Collectively, these findings provide molecular insight into the
free-energy contributions and molecular interactions that
elucidate how the ketone substrate, solvent, and catalyst pore
polarity impact MPVO rates, offering design principles for
catalytic reduction of biomass via transfer hydrogenation.

2. MATERIALS AND METHODS

2.1. Catalyst Synthesis

Zeolite catalysts are denoted Sn-Beta-Y(X), with corresponding
siliceous materials labeled Si-Beta-Y. The suffix -Y specifies the
synthesis approach, either fluoride-mediated crystallization (F) or
postsynthetic, solvent-assisted grafting (OH), while X represents the
Si to Sn molar ratio in the final crystalline material as measured by
ICP-MS elemental analysis.

Hydrophobic Sn-Beta materials were prepared via fluoride-assisted
hydrothermal synthesis using gel compositions of 1 SiO,/y MO,/0.54
TEAOH/0.54 HF/7.25 H,0, where y defines the targeted
heteroatom loading.30_33 Tin was introduced as SnClL,-2H,0 (99.99
wt %, MilliporeSigma). An aqueous solution of tetraethylammonium
hydroxide (TEAOH; Sigma-Aldrich, 40 wt %) was combined with
tetraethyl orthosilicate (TEOS; MilliporeSigma, >99 wt %) in a
perfluoroalkoxyalkane vessel (PFA, Savillex Corp.) and mixed at room
temperature for 90 min. Deionized water (18.2 MQ-cm) was then
introduced, and the mixture was cooled in an ice bath for 15 min.
Separately, the required amount of tin precursor was dissolved
completely in 2 cm® of ethanol (Koptec, 200 proof) and added slowly
to the cooled TEOS and TEAOH mixture under continuous stirring.
The reaction was subsequently stirred uncovered at ambient
conditions to allow removal of ethanol and excess water until the
desired molar composition of the gel was obtained. Hydrofluoric acid
(HF; MilliporeSigma, 48 wt %, 99.999% trace metals basis) was added
incrementally with manual stirring using a PTFE spatula to produce a
uniform paste. Calcined Si-Beta-F seeds, corresponding to 10 wt % on
a SiO, basis, were incorporated prior to transferring the gel into
PTFE-lined stainless-steel autoclaves. Autoclaves were sealed and
heated to 413 K in a static oven for 20 days, or longer when required,
until crystallization was complete, as verified by powder X-ray
diffraction (XRD).

Commercial Al-Beta zeolites (Si/Al = 12.5, CP814E, Zeolyst) were
dealuminated by acid treatment. Zeolite powders were suspended in
70 wt % nitric acid (HNO,, MilliporeSigma) at a loading of 50 cm®
HNO; per gone  in a sealed PFA vessel. The vessel was heated to
353 K for 24 h with continuous stirring. The solids were isolated by
centrifugation, repeatedly washed with deionized water until
successive washes reached a constant pH, and dried overnight at
373 K in ambient air. The dried material was subsequently calcined at
853 K under flowing dry air using a heating rate of 1 K min™' and an
air flow rate 100 cm® min™" per gram of material for 10 h.

Hydrophilic Sn-containing zeolites were prepared by solvent-
assisted incorporation of Sn into framework vacancy sites of
dealuminated Beta under rigorously anhydrous conditions.>** The
dealuminated zeolite, with residual Si/Al ratios exceeding 5000, was
dehydrated overnight at 523 K under a dynamic vacuum below 0.1
Torr, cooled to ambient temperature under vacuum, and maintained
under a dry nitrogen purge. Dichloromethane (DCM, MilliporeSigma,
99.8 wt %) was dried over activated 3A molecular sieves that had been
previously dehydrated at 523 K under dynamic vacuum and stored
under nitrogen for more than 24 h using approximately 100 cm® of
solvent per gram of zeolite. Approximately 25 cm? of the dried solvent
was transferred into a nitrogen-filled glovebox, where the appropriate
amount of tin precursor was prepared from a 1 M SnCl, solution in
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dichloromethane (MilliporeSigma). The precursor solution and
remaining dried solvent were introduced to the dehydrated zeolite
by cannula transfer under stirring, and the suspension was heated to
313 K for 8 h.

Following synthesis, all zeolite solids were collected by
centrifugation, rinsed sequentially with deionized water and acetone
(99.5 wt %, BDH Chemicals), and dried overnight at 373 K under
ambient air. Final calcination was carried out in a muffle furnace by
heating the powders to 853 K with a heating rate of 1 K min™" under
flowing dry air at 100 cm® min™" per gram of material for 10 h.

2.2. Catalyst Characterization

Phase identity and crystallinity of the Beta zeolites were evaluated by
powder XRD. Diffraction patterns were collected on a Bruker D8
diffractometer using Cu Ko radiation operated at 40 kV and 40 mA,
with data acquired over a 26 range of 4 to 50°, an angular increment
of 0.02° and a scan rate of 4° min~'. Representative diffraction
patterns for all materials are provided in Figure S1 of the Supporting
Information.

Textural properties were determined from nitrogen adsorption
measurements performed at 77 K on a Micromeritics 3Flex
instrument. Prior to analysis, samples were heated to 623 K at a
ramp rate of 5 K min™" and degassed under a dynamic vacuum below
S pmHg for 12 h using a Micromeritics SmartVacPrep station.
Micropore volumes were extracted from semilogarithmic derivative
analysis of the adsorption isotherms, where the termination of
micropore filling was identified as the first minimum following the
initial maximum in the derivative plot.*> Corresponding N, isotherms
are shown in Figure S2, and calculated micropore volumes are
summarized in Table 1.

Diffuse reflectance ultraviolet—visible (DRUV) spectra were
acquired by using a Cary 5000 spectrometer equipped with a Praying
Mantis accessory and a high-temperature sample chamber. Zeolite
samples were dehydrated at 523 K under flowing dry air at a heating
rate of 5 K min™" for 2 h and subsequently cooled to 298 K prior to
data collection. Spectra of Sn-containing samples were referenced
against a dehydrated Si-Beta-F standard, and reflectance data were
converted to absorbance using the Kubelka—Munk transformation.
DRUV spectra are reported in Figure S3 of the Supporting
Information.

Bulk elemental compositions were quantified by inductively
coupled plasma mass spectrometry (ICP-MS) using an Agilent
7900 system. Approximately 10 mg of each zeolite was dissolved in
200 puL of 48% hydrofluoric acid and allowed to digest for 6 h before
dilution with 2% nitric acid to achieve metal concentrations near 100
ppb. Quantification of Sn and Al was performed using external
calibration curves derived from certified 1000 ppm of Sn and Al
standard solutions in 10% HCI (TraceCERT, Sigma-Aldrich) and 2%
HNO; (TraceCERT, Sigma-Aldrich), respectively.

2.3. Measurement of the Infrared (IR) Spectra

Infrared spectra of adsorbed probe molecules were collected in
transmission by using a Bruker Invenio-S spectrometer equipped with
a liquid-nitrogen-cooled Hg—Cd—Te (MCT) detector. Spectra were
obtained by averaging 256 scans at a resolution of 4 cm™" over the
range 4000 to 400 cm™'. All measurements were referenced to an
empty-cell background spectrum acquired at 303 K under a dynamic
vacuum below 5.0 X 107 Torr using an Edwards T-Station 75
turbopump. Zeolite samples, typically S to 10 mg, were pressed into
self-supporting wafers with a diameter of 7 mm and mounted in a
transmission sample holder. The holder was placed inside a high-
temperature IR cell sealed with KBr windows measuring 32 X 3 mm.
Sample temperature was monitored using a K-type thermocouple
positioned beneath the wafer and in contact with the internal cell wall,
with temperature regulation provided by a Watlow EZ-Zone
controller. The inlet and outlet of the cell were equipped with
stainless steel bellows valves to enable isolation and evacuation. The
inlet was connected to a Schlenk line via 1/4-in. flexible stainless-steel
tubing to permit controlled pretreatment and dosing, while the outlet
was vented through an oil bubbler to suppress ingress of ambient air.
Prior to spectral collection, samples were activated by heating to 673

K at a rate of 5 K min™" under flowing nitrogen at 100 cm® min™" for
2 h, followed by cooling to 303 K and evacuation until the cell
pressure reached below 5.0 X 107 Torr.

Deuterated acetonitrile (CD;CN; anhydrous, >99.8 atom % D,
Sigma-Aldrich) was degassed by repeated freeze—pump—thaw cycles
and introduced incrementally to the activated zeolite in doses ranging
from 1.4 X 1077 to 7.0 X 1077 mol per dose. After each addition,
spectra were recorded once the pressure was stabilized for at least 30
s. Difference spectra were generated by subtracting the dehydrated
parent zeolite spectrum, followed by baseline correction and
normalization to the integrated area of the framework T-O-T
combination and overtone bands between 2100 and 1750 cm™.
Vibrational features were assigned to CD;CN coordinated to defect-
open Sn sites at 2316 cm™, closed Sn sites at 2308 cm™, silanol
groups at 2275 cm™, and weakly bound or gas-phase species at 2265
cm™!, consistent with prior reports.36_38 Quantitative estimates of
SiOH groups as well as defect-open and -closed Sn sites were
determined by deconvolution of saturation spectra using published
molar extinction coeflicients for CD;CN adsorbed in Sn-Beta
zeolites.>® For silanol groups, the integrated 2(C=N) = 2275 cm™!
band area can be fit to a Langmuir adsorption isotherm and
extrapolated to the saturation limit, following the procedure and
fitting parameters detailed by Di Iorio and co-workers.*

Liquid-phase IR spectra were measured using a Bruker Tensor 37
IR spectrometer equipped with a liquid N, cooled Hg—Cd—Te
(MCT) detector in transmission geometry using a Demountable
Liquid Cell with an O-ring seal equipped with CaF, windows and a
0.2 mm PTEE spacer (PIKE Technologies). All spectra were acquired
relative to an open beam spectrum, in which the beam path volume
was purged with house nitrogen. For liquid-phase infrared spectra, a
20 cm’® syringe was filled with liquid of a desired composition and
connected to a syringe pump, which was connected using Luer-lock
fittings and 1/8 in. PTFE tubing to one port of the Demountable
Liquid Cell. The other port was connected using Luer-lock fittings
and 1/8-in. PTFE tubing to a waste collection bottle. The liquid was
injected through the cell at a flow rate of 1 cm® min™" with periodic
scans until the spectra no longer changed with time, indicating that
the cell composition was the same as the syringe composition. Spectra
shown in this study are difference spectra between 20 mM
cyclohexanone in the solvent and the solvent absent cyclohexanone.

For infrared spectra of intraporous liquid, zeolite powders (~5—10
mg) were pressed into 7 mm diameter self-supporting wafers using a
Hand Press (PIKE) and sandwiched between the two CaF, plates of
the Demountable Liquid Cell. We found that the pellet thickness was
approximately the same as that of the 0.2 mm PTFE spacer used in
the cell so that the pellet remained suspended in the beam path as it
was pressed into the two CaF, windows, even in the presence of
flowing liquid. The Demountable Liquid Cell was then connected to
the syringe pump in the same manner as described for the liquid-
phase infrared spectra. Isopropanol (99.5 wt %, VWR) was flowed
through the cell to wash out organic impurities and adsorbed water at
0.01 cm® min~!, at which point the spectra no longer changed with
time. Then, solvent of desired composition was flowed through the
cell at 0.1 cm® min™" until the spectra no longer changed with time, at
which point 20 mM cyclohexanone in the same solvent composition
was flowed through the cell at 0.1 cm® min™" until cyclohexanone
peaks could be observed in the IR spectrum. Spectra shown in this
study are difference spectra between having 20 mM cyclohexanone
and the solvent without cyclohexanone. These difference spectra
correspond to the low-coverage limit of cyclohexanone in the zeolite
and not equilibrium adsorption of cyclohexanone in the zeolite, as the
slow diffusion time of dilute cyclohexanone through the zeolite pellet
makes equilibrium measurements prohibitively long. Once the low-
coverage cyclohexanone spectra had been obtained, we switched the
syringe to a new solvent combination to flow through the cell at 0.1
cm® min~" until the spectra no longer changed with time and the
adsorbed cyclohexanone features disappeared from the spectra, at
which point this procedure was repeated on the same pellet for all
solvent combinations.
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Figure 1. Infrared difference spectra, referenced to the dehydrated parent material, for (a) Sn-Beta-F(188) and (b) Sn-Beta-OH(326) collected at
303 K as a function of increasing CD;CN uptake. Vertical dashed lines denote characteristic (C=N) stretching frequencies associated with

CD,CN bound to defect-open Sn sites at 2315 cm ™, closed Sn sites at 2308 cm™

weakly bound CD,CN at 2265 cm™.

!, and silanol groups at 2275 cm™, as well as signals attributed to

Background and sample spectra were collected with the following
specifications: 384 scans (set by 4.8 min of scan time), 2 cm™’
resolution, 0.5 mm aperture, 10 kHz scanning velocity, open high pass
filter, 10 kHz low pass filter, 8000 wanted high frequency limit, 0
wanted low frequency limit, automatic signal gain, Blackman-Harris 3-
Term apodization function, 16 phase resolution, Mertz phase
correction, and 64 zero filling factor. During all experiments, the
spectrometer was purged with house nitrogen, and the beam path
between the spectrometer and the Demountable Liquid Cell was
purged with house nitrogen using custom 3D-printed purge tubes.

2.4. Measurement of MPVO Kinetics

MPVO kinetic studies were performed following a previously
described procedure.®® Briefly, reactant solutions were prepared
with varying concentrations (0.01—1 M) of cyclohexanone (99.5 wt
%, MilliporeSigma), 4-methyl-cyclohexanone (99 wt %, Sigma-
Aldrich), or 4-tert-butylcyclohexanone (99 wt %, Sigma-Aldrich) in
toluene (99.9 wt %, HPLC grade, Sigma-Aldrich) or acetonitrile
(CH4CN, 99.9 wt %, HPLC grade, Sigma-Aldrich) solvents with a
fixed 1 M 2-butanol concentration (99.8 wt %, Sigma-Aldrich) or in a
bulk 2-butanol solvent. Approximately 5—10 mg of the zeolite catalyst
was placed in a 10 cm® glass batch reactor together with a PTFE-
coated magnetic stir bar. The reactor was sealed using a PTFE-lined
silicone septum secured with an aluminum crimp cap and heated to
373 K in a magnetically stirred oil bath operating at 400 rpm for at
least 15 min. In parallel, roughly 2 cm® of the reactant mixture was
charged to a separate glass reactor, sealed, and equilibrated at 373 K
for the same duration. The preheated reaction solution was then
transferred by a gastight syringe into the catalyst-containing reactor,
and the reaction was allowed to proceed for approximately 10 min.
Reactions were terminated by immersion of the reactor in an ice bath,
after which the liquid phase was filtered through a 0.2 um PTFE
syringe filter (VWR) and diluted with an external standard solution
consisting of S wt % 2-pentanone in 2-butanol (99.5 wt %, HPLC
grade, MilliporeSigma). The resulting solutions were analyzed by gas
chromatography using an Agilent 7890A instrument equipped with a
DB-1701 capillary column (30 m X 250 ym X 0.25 um, Agilent) and
a flame ionization detector. Initiall MPVO turnover frequencies,
normalized per defect-open Sn site, were obtained by extrapolating
alcohol formation rates to zero conversion, corresponding to data
collected at conversions below 5%.

3. RESULTS AND DISCUSSION

3.1. Active Site Quantification and Silanol Density
Measurement

Framework Sn atoms in Sn-Beta zeolites occur in multiple
coordination environments. The two dominant configurations

are fully coordinated Sn centers bonded to four lattice oxygen
atoms, denoted as closed Sn sites (i.e., (Si0),Sn) and defect-
open Sn sites in which Sn is bound to three framework oxygen
atoms and a terminal hydroxyl ligand (i.e., (Si0),SnOH).>*~*
Both inter- and intramolecular MPVO transfer hydrogenation
pathways are known to proceed at these defect-open Sn
centers.”*”*%*"1*’ Deuterated acetonitrile-d; (CD;CN) is often
used as a gas-phase titrant to distinguish between these
coordination environments using IR spectroscopy.37’3’8 At low
CD;CN coverages, adsorption preferentially occurs at defect-
open Sn sites, giving rise to a v(C=N) stretching feature near
2315 cm™. As coverage increases, adsorption at closed Sn sites
becomes evident, producing a red-shifted #(C=N) band near
2308 cm™!, consistent with prior observations for CD;CN
bound to Sn-containing zeolites (Figure 1).*® In addition to
Sn-associated features, CD;CN adsorption enables quantifica-
tion of silanol populations within Beta zeolites.”®"" Vibrational
bands appearing near 2275 cm™' are assigned to CD;CN
hydrogen-bonded to SiOH groups, while features near 2265
cm™" correspond to weakly bound or gas-phase CD;CN.

Quantitative analysis of saturation spectra reveals that Sn-
Beta-F and Sn-Beta-OH contain comparable fractions of
framework Sn atoms that function as Lewis acid sites, with
LAS-to-Sn ratios of 0.86 and 0.74, respectively. These values
are consistent with diffuse reflectance UV—visible measure-
ments indicating only minor contributions from extra-frame-
work SnO,, species in both materials (Supporting Information,
Section S$.3).”® In contrast, the densities of the silanol groups
differ markedly between the two zeolites. Sn-Beta-OH exhibits
nearly 20 times more SiOH concentrations than Sn-Beta-F,
mirroring trends observed between the corresponding siliceous
Si-Beta-F and Si-Beta-OH materials (Table 1). These
distinctions provide a quantitative basis for comparing
hydrophobic and hydrophilic pore environments in subsequent
catalytic and spectroscopic analyses.

3.2. Elementary Steps for MPVO Transfer Hydrogenation

MPVO catalysis within Lewis acidic Sn-Beta zeolites is
governed by interactions between adsorbed species and their
surroundings, which depend on the identity (and steric bulk)
of the reacting molecules and the solvent structures that
reorganize during catalysis in response to pore functionality.
Thus, MPVO rates must be compared under equivalent kinetic
regimes to meaningfully interpret differences in the apparent
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Scheme 1. Proposed MPVO Reaction Mechanism between 2-Butanol and a Ketone over Defect Open Sn Sites”
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“Initial active site coordination to solvent molecules (e.g., H,O or CH;CN) omitted for clarity.

activation free energies. We investigated how solvent and
zeolite framework polarity influence reaction rates in
condensed media for the MPVO transfer hydrogenation
reaction between 2-butanol and various alkylcyclohexanone
moieties in Sn-Beta-F and Sn-Beta-OH, across different
solvents. The MPVO reaction between alcohols and ketones
is believed to be catalyzed by defect-open Sn sites in Sn-Beta
zeolites,”*”** as initial rates of 2-butanol and cyclohexanone
MPVO (373 K, per gram of zeolite) were found to linearly
correlate with the initial rates of l-adamantanone Baeyer—
Villiger oxidation (363 K, per gram of zeolite),"” which also
increase linearly with the peak intensity of adsorbed CD;CN at
2316 cm™ (indicative of defect-open Sn sites).”” Scheme 1
shows a series of elementary steps consistent with changes in
turnover rates for transfer hydrogenation catalysis with alcohol
and ketone concentration on Sn-Beta catalysts. This cycle
proceeds over solvent-covered defect-open Sn sites via
sequential, quasi-equilibrated adsorption of 2-butanol and
then ketone, liberating any adsorbed solvent molecules (Steps
1 and 2, Scheme 1). Following adsorption, 2-butanol is
deprotonated in a quasi-equilibrated step through interaction
with the Sn-bound hydroxyl group, bound 2-butoxide, and
water®”"3 (Step 3, Scheme 1). The resulting 2-butoxide and
coadsorbed ketone subsequently react via a C1 hydride transfer
transition state to yield butanone and corresponding adsorbed
alkoxide (Step 4, Scheme 1). This hydride transfer step has
been established as the rate-limiting step for MPVO catalysis
over Lewis acidic zeolites based on calculated reaction barriers
from density functional theory (DFT)" and experimentally
observed kinetic isotope effects in related transfer hydro-
genation systems.’ In the final step, protonation of the alkoxide
by water releases the alcohol product and restores the active Sn
center (Step S, Scheme 1).

Although deprotonation of adsorbed 2-butanol to form an
alkoxide (Step 3, Scheme 1) could, in principle, influence
surface coverages, past kinetic isotope effect measurements and

DFT studies indicate that this step is thermoneutral and quasi-
equilibrated with a negligible barrier relative to the hydride-
shift transition state.”’**” The observed rate dependencies on
alcohol and ketone activity further support this interpretation,
as a rate-limiting deprotonation step would yield higher alcohol
orders than those observed. Accordingly, we treat the
deprotonation equilibrium constant (K;) as small and the
coverage of the deprotonated alkoxide as minor under these
conditions. Nevertheless, a thermoneutral deprotonation
equilibrium could result in comparable populations of
protonated and deprotonated surface species, which would
complicate the site balance without altering the qualitative
kinetic trends observed here.

Assuming that the solvent covered site, adsorbed 2-butanol,
and the coadsorbed 2-butanol-ketone dimer are the most
abundant reaction intermediates (MARI) during reaction, and
that all steps preceding the formation of the hydride-shift
transition state are quasi-equilibrated, the following rate
expression can be derived using nonideal transition state
theory (full derivation in Section S.4):
yiiKlKZK3k4aBa

r K%

L] 1+ Kaga ' + KK, agaga, > (1)

Here, K; represents the equilibrium constant of step j, k, is the
hydride-shift formation rate constant, a; is the thermodynamic
activity of component i in solution, y; is the activity coefficient
of the transition state, subscripts B and K represent 2-butanol
and ketone, respectively, and [L] is the concentration of
defect-open Sn sites (i.e., active sites). The activity of each
species is calculated using the following equation:

{c)
a =y =
Co (2)
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Figure 2. Rates of cyclohexanol production normalized per defect-open Sn site measured over (a) Sn-Beta-F and (b) Sn-Beta-OH catalysts as a
function of cyclohexanone activity between 0.01 and 1 M in CH;CN containing 1 M 2-butanol. Data were collected at 333 (triangles), 353
(diamonds), 373 (squares), and 413 K (circles). Dashed curves represent fits of eq 6 as a function of cyclohexanone activity and temperature. Error

bars reflect propagated experimental uncertainties.

In this expression, C; denotes the solution-phase concentration
of component i, C, corresponds to the standard-state
concentration defined by the pure component so that its
activity is unity, and y; represents the activity coeflicient of
species i, which was estimated for the multicomponent mixture
using the UNIFAC group contribution method.”'~>* Non-
idealities of adsorbed intermediates are accounted for within
each equilibrium constant and manifest as excess Gibbs free
energies that become meaningful only when a proper reference
state is defined. Here, we do not attribute differences in rates
to excess free energies (ie., nonidealities) when comparing
MPVO kinetics measured under different conditions due the
number of potential factors present (e.g, intrapore solvent
structure, solvent polarity, or framework polarity). Instead, we
reference differences in measured activation enthalpies and
entropies compared to those measured on Sn-Beta-F in a 2-
butanol solvent. In a bulk 2-butanol solvent, the MARI
becomes a 2-butanol dimer and coadsorbed 2-butanol-ketone
dimer, reducing the rate expression in eq 1 to eq 3 (derivation
in Section S.4):

1
—K,K:k
, y 2 49K

L] o+ Kyag 3)

Because experimental rate data do not allow the separate
effects of y;, Ki and k; to be resolved, these terms are
combined into a single apparent rate constant, k., which
captures the overall free energy difference between the hydride
transfer transition state and the coadsorbed 2-butanol—
cyclohexanone intermediate:

AG“PP = Gi — Uy« (4)

Recasting K, as K4, which represents the free energy
difference between the 2-butanol in solution and the
coadsorbed 2-butanol-ketone adduct, and the ketone in
solution and the 2-butanol covered site,

AG,; = (G, + Gp) — (Ggg« + Gy) ()

Thus, eq 3 can be rewritten as

ro_ I<adskappaK
[L] ag + K, (6)

Moreover, apparent zero-order rate constants can be
expressed in terms of enthalpic and entropic contributions as
follows:

kgT _ kgT _
k= “BY NG, /RT _ KB -AH,/RT AS,,/RT

app app

A h (7)

where kg is Boltzmann’s constant, T is the reaction
temperature, h is Planck’s constant, and R is the ideal gas
constant. Similarly, the adsorption equilibrium constant can be
expressed in terms of enthalpic and entropic contributions
according to

—AG,,/RT —AH, T A T
K, =e Gogs/RT _ ,=AH4/RT JAS 4/ R

(8)

The rates of MPVO transfer hydrogenation depend on the
activities of ketone and alcohol in solution, reflecting the
coverages of reactive intermediates at defect-open Sn active
sites and describing the series of elementary steps that lead to
the hydride shift transition state.””>* All measured MPVO
kinetics in this study, conducted on Sn-Beta-F and Sn-Beta-
OH in different solvents and using different alkylcyclohex-
anone moieties, conform to eq 6. Adsorption of both 2-butanol
and alkylcyclohexanone on a solvent covered site is identified
as a kinetically relevant step (see Section S.4). We posit that in
either CH;CN or toluene, with 1 M 2-butanol as the reactant,
the MARI changes from a 2-butanol covered site to a 2-
butanol-cyclohexanone adduct as cyclohexanone activity
increases. This observation agrees with tabulated Gutmann
Donor Numbers (i.e, DN): 2-butanol is a better Lewis base
(DN = 19.5) compared to CH;CN (DN = 14.1) or toluene
(DN = 0.1).>° Thus, this equation will be used to extract
adsorption and apparent activation entropies and enthalpies
from eq 7 and eq 8 to better understand the roles that ketone
substitution, solvent, and framework polarity play during
MPVO catalysis.
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Table 2. Values of AH 4, AS,q, AH,,, and AS,,,
Beta-OH in 2-Butanol,” Toluene,” and CH;CN* Solvents®”

Solvent Zeolite AH,;,/k] mol™!
2-Butanol” Sn-Beta-F 43 + 10
Sn-Beta-OH 14+ 5
Toluene® Sn-Beta-F -85
Sn-Beta-OH 12 + 4
CH,CN* Sn-Beta-F —16 + 3
Sn-Beta-OH 9+5

AS,4/] mol™! K!

Determined from Experimental Kinetics Measured on Sn-Beta-F and Sn-

AH,,,/kJ mol ™ AS,,,/] mol ' K™

134 + 24 33+38 —149 + 19
64 + 13 40 £ 3 —148 £ 9
-4+ 14 SS+3 -9 +7
47 £ 10 39+2 —150 =+ §
—24+7 37+1 —-159 +3
41 £ 17 39+7 —167 + 16

“Error represents the 95% confidence interval. “Reproduced with permission from ref 30. Copyright 2020 American Chemical Society. “Measured

as functions of ag with a constant 1 M 2-butanol.
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Figure 3. Rates of cyclohexanol production normalized per defect-open Sn site measured over (a) Sn-Beta-F and (b) Sn-Beta-OH catalysts as a
function of cyclohexanone activity between 0.01 and 1 M in toluene containing 1 M 2-butanol. Data were collected at 333 K (triangles), 353 K
(diamonds), 373 K (squares), and 413 K (circles). Dashed curves represent fits of eq 6 as a function of cyclohexanone activity and temperature.

Error bars reflect propagated experimental uncertainties.

3.3. MPVO Kinetics Measured in Different Solvents

We investigated the role of the solvent by measuring MPVO
rates (per defect-open Sn) in acetonitrile (CH;CN; Figure 2a),
a polar, aprotic solvent that does not function as a H-bond
donor, using a constant 1 M 2-butanol and varying
cyclohexanone activity (0.01—1 M) and temperature (333—
413 K) over Sn-Beta-F. All rate data (per defect-open Sn)
measured in CH;CN are well-described by eq 6 (dashed lines,
Figure 2a), suggesting that defect-open Sn sites are covered in
2-butanol, followed by cyclohexanone adsorption and the
formation of the rate-controlling hydride shift transition state,
regardless of the bulk solvent. Initial MPVO turnover rates
(per defect-open Sn) measured at 333 K on Sn-Beta-F in
CH,CN (1 M 2-butanol) are similar to those reported in bulk
2-butanol under similar conditions,” but reach the zero-order
regime at lower cyclohexanone activity than observed in bulk
2-butanol (ag < 0.1), suggesting that cyclohexanone adsorption
at defect-open Sn sites is more favorable at low temperatures in
CH;CN. At higher temperatures and cyclohexanone activities
(ie, T > 353 K and ag > 0.1), rates of cyclohexanol formation
are nearly an order of magnitude larger in bulk 2-butanol than
in CH,CN.” This behavior is consistent with the difference in
first-order rate constants (453 K, per Hf, 0.02 M limiting
reagent) observed for the MPVO reaction between 2-butanol
and methyl levulinate over Hf-Beta catalysts in either bulk 2-
butanol (1.33 (mol dm*)(mol Hf s mol methyl levulinate)™")

or bulk methyl levulinate (0.11 (mol dm®)(mol Hf s mol 2-
butanol)™!).® Despite the same rate-controlling step, these
results indicate that the solvent plays an important role in
influencing the stability of the MPVO reactive intermediates
and transition states. Both the enthalpy and entropy of
cyclohexanone adsorption from an CH;CN solvent are
negative, indicating that adsorption is enthalpically favorable,
but with a loss of entropy upon adsorption at the defect-open
Sn site. This contrasts with the observations made in a 2-
butanol solvent, where the entropy of cyclohexanone
adsorption is positive (Table 2). This suggests that the
positive entropy of cyclohexanone adsorption seen in the case
of a 2-butanol is unlikely to be due to the loss of first-shell
solvation of cyclohexanone upon confinement or the displace-
ment of solvent molecules from the pore upon adsorption.
While bulk solvent properties, such as dielectric constant, can
deviate substantially from those in confined environ-
ments,”* "% solvent can still modify the stability of adsorbed
species.”” The positive cyclohexanone adsorption entropies in
2-butanol do not appear to reflect differences in dipole
strength (dipole moment (u): 2-butanol = 1.6, CH;CN =
3.9),> further emphasizing the role of H-bonding in modifying
adsorption entropies and enthalpies within hydrophobic
zeolites.

Rates of cyclohexanol formation (per defect-open Sn) were
also measured in a nonpolar toluene solvent (Figure 3a), with a
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Figure 4. Liquid-phase IR spectra for cyclohexanone C=0 stretching frequencies in (a) 2-butanol, (b) CH;CN, and (c) toluene solvents for bulk
solvent (purple), intraporous hydrophobic zeolite (red; Si-Beta-F), and intraporous hydrophilic zeolite (blue; Si-Beta-OH). Black traces display the
corresponding C=0 stretching frequency upon the addition of 1 M 2-butanol to the corresponding bulk solvents. Comparison between C=0
frequencies for bulk 2-butanol and 1 M 2-butanol in toluene over hydrophilic Si-Beta-OH is shown in (d).

constant 1 M 2-butanol, varying cyclohexanone activity (0.01—
1 M) and temperature (333—393 K) over Sn-Beta-F. Toluene
is an interesting solvent because its aromatic character disrupts
H-bonding networks by solvating the hydroxyl proton with the
delocalized 7-electrons in the aromatic ring,éo_62 which
inhibits formation of polymeric H-bonded networks typically
observed in aliphatic solvents. Interestingly, cyclohexanone
adsorption entropies and enthalpies from a bulk toluene
solvent are more positive than those from CH;CN, indicating
that either cyclohexanone is less stable in CH;CN or the polar
intraporous solvent (e.g, CH;CN) leads to a more strongly
bound adsorbate. This trend further highlights the importance
of H-bonding networks in modulating adsorption thermody-
namics within hydrophobic voids, as increasing the polarity of
aprotic solvents results in more negative enthalpic and entropic
adsorption barriers. Apparent zero-order activation enthalpies
and entropies increase with decreasing solvent polarity (dipole
moment (u): toluene = 0.4, 2-butanol = 1.6, CH,CN = 3.9),>
indicating that the hydride-shift transition state is more tightly
bound to the defect-open Sn site, relative to the adduct, when
first-shell solvent molecules become more polarizing.” More-
over, these results show that in the zero-order kinetic regime,
tighter solvation of the transition state (i.e., more polar
solvent) leads to higher MPVO rates at low temperatures,
whereas weaker solvation is favored at higher temperatures.
This behavior is analogous to how differences in zeolite pore
size can increase the number of van der Waals contacts
between framework O atoms and confined transition states
(i, smaller confining pore), resulting in more favorable
activation enthalpies but a loss in entropy. Conversely, looser
confinement (i.e., weaker dispersive interactions) leads to
more positive activation entropies, but increases enthalpic
barriers.>**~%°

Interestingly, adsorption and activation entropies and
enthalpies measured on Sn-Beta-OH in a toluene solvent (1
M 2-butanol) are nearly identical with those measured in a
bulk 2-butanol solvent (Table 2). Differences in the adsorption
terms are likely due to differences in the relative stabilities of 2-
butanol and cyclohexanone bound to the defect-open Sn site,
while zero-order apparent barriers indicate that the solvating
environment within the pore is similar to that observed when

bulk 2-butanol is the solvent. This implies that the hydrophilic
Sn-Beta-OH zeolite preferentially partitions 2-butanol from a
toluene solvent, leading to an intraporous solvating environ-
ment that is similar to that formed in bulk 2-butanol. This
observation further highlights how the interplay between
solvent, framework, and reactant polarity influences MPVO
reaction rates of MPVO via competitive adsorption between
reactant and solvent molecules within microporous voids.

3.4. Pore—Solvent Partitioning Probed via Liquid-Phase IR
Spectroscopy

To further probe the in-pore solvent partitioning between 2-
butanol and toluene in Sn-Beta-OH, we used infrared
spectroscopy to examine how the addition of 1 M 2-butanol
to the acetonitrile and toluene solvents affected the intrapore
solvation of cyclohexanone in Sn-Beta-F and Sn-Beta-OH
(Figure 4). To this end, we used the vibrational C=0
stretching frequency of cyclohexanone as a local reporter of
solvation, as C=O vibrational frequencies of ketones are
known to be sensitive probes of the solvent environment in
accordance with the Vibrational Stark Effect.’”**~%® For dilute
cyclohexanone (20 mM) in toluene and acetonitrile solvents,
we observed a single peak at 1715—1720 cm™" that we assign
to the C=0 stretching mode of cyclohexanone (purple trace;
Figure 4b,c). However, for cyclohexanone in 2-butanol solvent,
we observed two peaks at ~1715 cm™! and ~1705 cm™" that
we assign respectively to non-H-bonding and H-bonding
configurations of the cyclohexanone interactions with 2-
butanol, as H-bonding with ketones is known to red-shift
their C=O stretching frequencies (purple trace; Figure
4a2).°”7° In all spectra, we also observed a minor peak at
~1680 cm™" that we hypothesize to be a Fermi resonance (see
SI for a discussion on assignment).

We next sought to probe how the intrapore solvation of
cyclohexanone changed when 1 M 2-butanol was added to
acetonitrile/toluene solvents by comparing the C=0 infrared
spectra of dilute cyclohexanone in acetonitrile/toluene in the
pores of both zeolites with and without 1 M 2-butanol. Similar
spectra would indicate that the pores remain filled with
acetonitrile or toluene, whereas significant shifts in the spectra
would suggest that 2-butanol contributes to in-pore solvation
beyond its role as a reactant. Conventional gas-phase dosing on
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zeolite pellets is suitable for pure solvents but inadequate for
mixed systems, where the exact pore composition is unknown
(but in equilibrium with a known bulk solution composition).
To address this, we developed a liquid-phase flow cell that
enables IR measurements of solvent-filled zeolites under
equilibrium with defined bulk solutions. Control experiments
using tri-tert-butylbenzene, which cannot enter the pores of
Beta, confirmed that at least 60% of the IR signal arises from
species confined within the zeolite.

Using this liquid flow cell, we conducted infrared spectros-
copy on Si-Beta-F and Si-Beta-OH (as proxies for Sn-Beta-F
and Sn-Beta-OH) equilibrated with dilute cyclohexanone in
acetonitrile or toluene, with and without 1 M 2-butanol. In
agreement with the bulk solution results, these spectra contain
peaks at 1710—1715 cm™' that are consistent with non-H-
bonding configurations, and peaks at 1695—1705 cm™" that are
consistent with H-bonding configurations; unlike in the bulk
solution, we also observe these H-bonding configurations in
the absence of 2-butanol, which we attribute to the
cyclohexanone H-bonding with silanol groups in the zeolite.
In almost all cases, adding 1 M 2-butanol has a negligible effect
on the spectra, only causing slight differences in peak
intensities consistent with 2-butanol coordinating to silanol
groups, therefore decreasing the peak corresponding to silanol-
bound cyclohexanone. However, in the case of the toluene
solvent in Si-Beta-OH, we observe a significant change in the
spectrum upon adding 1 M 2-butanol. In the pure toluene
solvent case, the dominant peak occurs at ~1695 cm™’, which
is consistent with cyclohexanone H-bonding to silanol groups
in the framework. Upon adding 1 M 2-butanol, the H-bonding
peak shifts to ~1700 cm™' and we see a significant growth of
the non-H-bonding peak at ~1715 cm™'. We attribute these
changes to uptake of 2-butanol displacing cyclohexanone
bound to silanol groups in the pores of Si-Beta-OH, liberating
cyclohexanone to instead H-bond to 2-butanol or be solvated
in non-H-bonding configurations in the zeolite pore.
Furthermore, this infrared spectrum of cyclohexanone in 1
M 2-butanol in toluene solvent with Si-Beta-OH more closely
resembles the spectrum of cyclohexanone in pure 2-butanol
solvent in Si-Beta-OH than that of cyclohexanone in pure
toluene solvent in Si-Beta-OH (Figure 4d). Collectively, these
results are consistent with the kinetic data suggesting
preferential 2-butanol uptake causing the pores to resemble
bulk 2-butanol solvent for Sn-Beta-OH in toluene solvent,
while the other solvent/framework combination pore environ-
ments are less affected by adding 1 M 2-butanol.

3.5. Ketone Substitution Effects on Solvent
Reorganization Thermodynamics

Prior studies showed that Sn-containing hydrophobic Beta
zeolites exhibit approximately an order-of-magnitude higher
transfer hydrogenation rates for cyclohexanone in 2-butanol
compared with their hydrophilic counterparts.*® This enhance-
ment was attributed to the suppression of extended, liquid-like
alcohol networks within hydrophobic pores, which instead
favor more discrete, dimeric hydrogen-bonded arrangements of
2-butanol. To further investigate the reorganization of
confined, H-bonded networks, we measured MPVO rates of
ketones with increasing degrees of steric bulk, where we expect
ketones of increasing size to displace increasing amounts of
intraporous 2-butanol.

Flaherty and co-workers used alkene epoxidation reactions
to show that configurational and conformational changes

between coadsorbed alkenes and oxidants lead to unique inner-
sphere interactions among coadsorbed reactive species. These
changes reflected how the conformation of the coadsorbed
adduct is influenced by the size of the confining pore
walls.”***7"7*> Epoxidation rates with tert-butyl hydrogen
peroxide and cumene hydroperoxide exhibited a stronger
dependence on 1-alkene chain length, suggesting that the bulky
Ti-OOtBu and Ti-OOcumyl intermediates, along with the
surrounding solvent, interact more favorably with the adsorbed
alkene, via stabilizing inner-sphere interactions, compared to
the Ti-OOH species.”'

Here, we minimized unique inner-sphere interactions
between coadsorbed 2-butanol and ketone intermediates, by
selecting alkylcyclohexanone reactants, ie., methylcyclohex-
anone (mCH) and tert-butyl-cyclohexanone (tbCH), which
exhibit similar inner-sphere interactions with coadsorbed 2-
butanol compared to cyclohexanone (see Scheme 2). Thus, by

Scheme 2. Co-adsorption of Alkylcyclohexanones with 2-
Butanol on Defect-Open Sn Sites”
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\ 4

Increasing steric bulk
Similar inner-sphere interactions

“Despite increasing steric bulk, the ketone and alcohol adopt similar
inner-sphere arrangements, maintaining noncovalent interactions.

selecting ketone substrates that interact similarly with
coadsorbed 2-butanol, we hypothesize that increasing the
steric bulk on the alkylcyclohexanone will require more
ordered hydrogen-bonded 2-butanol dimers to reorganize,
leading to greater enthalpic penalties for adsorption.

MPVO rates (defect-open Sn) for tbCH (Figure Sa) and
mCH (Figure Sb), in bulk 2-butanol as a function of ketone
activity (0.01—1 M ketone) and temperature (333—393 K)
over Sn-Beta-F, are well described in eq 6 (dashed lines, Figure
S). This suggests that defect-open Sn sites are initially covered
by 2-butanol, followed by ketone adsorption and the formation
of the rate-controlling hydride shift transmon state, similar to
previous data reported for cyclohexanone.*” First-order rates
for mCH MPVO are ~2—35 times higher than those for tbCH,
but they converge in the zero-order regime across all
temperatures (ag > 107"). Moreover, the onset of the zero-
order kinetic regime shifts to lower values of ay at 393 K
compared to 333 K, consistent with gre\nous trends observed
over hydrophobic Sn-Beta-F zeolites.

Ketone adsorption equilibrium constants (K,4,) increase
with temperature for both tbCH and mCH (Figure 6a),
indicating that ketone adsorption from solution to the defect-
open Sn site becomes more favorable at higher temperatures.
Interestingly, the value of K4 measured for mCH is ~3—5
times larger than that for tbCH (Figure 6a), suggesting that the
2-butanol-mCH adduct is more stable relative to the 2-
butanol-tbCH adduct. Apparent zero-order MPVO rate
constants (kapP, normalized per defect-open Sn site) are nearly
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Figure 6. (a) Ketone adsorption equilibrium constants (K,4,) measured for tert-butyl-cyclohexanone (solid) and methyl-cyclohexanone (open) in a

bulk 2-butanol solvent on Sn-Beta-F as a function of temperature (333—393 K). Dashed lines are exponential fits. (b) Zero-order (k

aPP) MPVO rate

constants measured for tert-butyl-cyclohexanone (solid) and methyl-cyclohexanone (open) in a bulk 2-butanol solvent on Sn-Beta-F as a function
of temperature (333—393 K). Dashed lines are exponential fits to the data.

identical between mCH and tbCH across all reaction
temperatures (333—393 K; Figure 6b). These data indicate
that ketone substitution does not affect apparent zero-order
MPVO free-energy barriers (i.e, differences in free energy
between the hydride shift transition state and the coadsorbed
2-butanol-ketone adduct).

Values of AH,qy AS,qy AH,,,, and AS,,, determined from
eq 7 and eq 8 for mCH and tbCH in a 2-butanol solvent on
Sn-Beta-F are listed in Table 3. The enthalpic barriers for the
formation of the hydride shift transition state from the
coadsorbed 2-butanol-ketone adduct (AH,,, = 35 and 37 kJ
mol™' for mCH and tbCH, respectively) are similar to the
barriers reported for MPVO between cyclohexanone and 2-
butanol (AHapp = 33 kJ mol™).*° This suggests that partial
cleavage of the @ C—H bond of 2-butanol to form the six-
membered ring transition state with the coadsorbed ketone is
unaffected by alkyl-substitution of cyclohexanone away from
the ketone functional group. We posit that similar solvation of

Table 3. Values of AH,q, AS,q, AH,,, and AS,,, for

Alkylcyclohexanones Determined from Experimental
Kinetics Measured on Sn-Beta-F in 2-Butanol Solvent”

AH,,,/ AS,4/ AH,, ASaPIP/
Ketone Reactant k] mol™' Jmol' K! /KkJ mol! J mol ' K!
Methyl- 48 £ 9 151 + 26 35+ 8 —146 + 22
cyclohexanone
tert-Butyl- 56 + 11 163 + 33 37 £ 12 —141 + 26
cyclohexanone

“Error represents 95% confidence interval.

the coadsorbed adduct and the hydride shift transition state, in
addition to the absence of unique inner-sphere interactions
between 2-butanol and the coadsorbed ketone, produces
similar activation barriers.

Adsorption of mCH and tbCH within Sn-Beta-F from a 2-
butanol solution results in positive values of AH, 4, (48 and 56
k] mol™', respectively) and AS,4 (151 and 163 J mol™" K™/,
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respectively), consistent with previous observations for cyclo-
hexanone (AH,y = 43 kJ mol™!, AS,4, = 134 J mol™! K™!).*°
These results suggest that adsorption of these ketones onto a
2-butanol-covered defect-open Sn site is driven by disruption
of H-bonded 2-butanol networks that cover these sites.
Previously, we have demonstrated that the entropy gains
upon adsorption are unlikely due to the loss of the ketone’s
solvent shell upon entering the pore, as the entropy of
adsorption for the same reaction over Sn-Beta-OH (AS, 4, = 64
J mol™ K™') is markedly distinct from that of Sn-Beta-F. Here,
we find that increasing the steric bulk on the alkylcyclohex-
anone moiety leads to more positive enthalpies of adsorption
with concomitant increases in entropies of adsorption despite
confinement and adsorption at the defect-open Sn site within
the Beta framework from the solution phase. Moreover,
apparent activation entropies (AS,,, = —146 and —141 kJ
mol™" for mCH and tbCH, respectively) are also similar to
those reported for MPVO between cyclohexanone and 2-
butanol (AS,,, = —149 kJ mol™").*

Although differences in AH,q, AS.,, AH,,, and AS,,
among alkyl-substituted cyclohexanones follow the proposed
trends with increasing steric bulk (CH < mCH < tbCH), the
associated uncertainties indicate that the differences may not
be statistically significant. Nevertheless, the consistent
direction of the observed changes aligns with the expectation
that bulkier ketones more strongly disrupt solvent—solvent
interactions upon adsorption. These trends should therefore be
interpreted qualitatively rather than quantitatively. A bar chart
with error bars (Figure 7) was included to visualize the data
and associated confidence intervals listed in Table 3.

4. CONCLUSIONS

The reorganization of confined alcohol networks has been
shown to alter the thermodynamic landscapes of adsorption
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Figure 7. Comparison of adsorption (AH,4) and apparent activation
(AH,,) enthalpies for cyclohexanone (CH), methylcyclohexanone
(mCH), and tert-butylcyclohexanone (tbCH) on Sn-Beta-F in 2-
butanol. Error bars represent 95% confidence intervals; numerical

values are given in Table 3.

and bond activation over Lewis acid zeolites. However,
understanding of how alcohol networks reorganize in response
to the sterics of the adsorbate or the presence of non-H-
bonding cosolvents remains unclear. Hydrophobic siliceous
Beta zeolites containing framework Sn sites catalyze transfer
hydrogenation reactions between different alkylcyclohexanone
moieties (i.e., methyl-cyclohexanone and tert-butyl cyclo-
hexanone) and 2-butanol to form corresponding alkylcyclo-
hexanol and 2-butanone products. Here, we find that first-
order rates (per defect-open Sn site) for mCH transfer
hydrogenation are ~2—S5X higher than those for tbCH, but
they converge in the zero-order regime across all temperatures
(333—393 K) in a bulk 2-butanol solvent. These results further
emphasize that reactant adsorption within hydrophobic Sn-
Beta is entropically driven by the breakup of intraporous
solvent—solvent interactions in the absence of unique inner-
sphere interactions between adsorbates, while intrinsic bond-
activation steps at the active site are largely independent of
molecular functionalization of the ketone. Comparisons
between bulk toluene or acetonitrile (CH;CN) solvents, with
1 M 2-butanol as a reactant, show the significance of an
intraporous solvent for stabilizing kinetically relevant species
and the complex interdependencies between solvent and
catalyst hydrophilicity. Here, apparent zero-order activation
enthalpies and entropies increase with decreasing solvent
polarity over hydrophobic zeolites, indicating that the
transition state is more tightly bound to the defect-open Sn
site when first-shell solvent molecules become more polarizing.
Conversely, adsorption and activation entropies and enthalpies
measured on hydrophilic zeolite in toluene and CH;CN
solvents are nearly identical to those measured in a bulk 2-
butanol solvent; identical zero-order apparent barriers indicate
that the intraporous solvating environment using bulk, non-H-
bonding solvents is similar to that observed when bulk 2-
butanol is the solvent. These results were supported via liquid-
phase transmission IR spectroscopy, where spectra of cyclo-
hexanone in toluene, with 1 M 2-butanol, more closely
resemble spectra of cyclohexanone in a bulk 2-butanol solvent
over hydrophilic zeolites than that of cyclohexanone in a bulk
toluene solvent. While these findings reveal clear solvent- and
framework-dependent trends, the molecular origins of these
effects, particularly how solvent reorganization and transition-
state solvation evolve in non-H-bonding media, remain
unresolved. Addressing these open questions will require
combined spectroscopic and computational approaches
capable of directly probing confined solvent structures.
Collectively, these results underscore the ability of the zeolite
pore to regulate the structure and composition of intraporous
solvent environments, which must reorganize, modifying the
observed thermodynamic landscapes, upon reactant adsorption
at Lewis acidic active sites.
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