Alkali cations enhance Zr-beta zeolite selectivity in citronellal Meerwein-Ponndorf-Verley reduction
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Abstract

Zr-silicate zeolites efficiently catalyze Meerwein-Ponndorf-Verley (MPV) reduction, a key reaction in fine
chemical production. However, for substrates such as citronellal, MPV reaction selectivity decreases due
to competing Lewis acid-catalyzed reactions, notably carbonyl-ene cyclization, which yields isopulegol as
the main product. Reaction selectivity may be determined by site strength as weaker “closed” sites in Zr-
beta catalyze MPV reduction, while stronger “open” Zr sites catalyze carbonyl-ene cyclization. But the
precise control over acidity strength in Zr-beta catalysts remains an unsolved challenge. This study aims at
modulating Al-free Zr-beta zeolite acidity through ion exchange with Li*, Na® and Cs" ions. In citronellal
MPYV reduction, we increased citronellol selectivity by tuning the Lewis acidity of Zr-beta. As shown by
FT-IR spectroscopy of acetone and ds-acetonitrile, ion exchange weakened interactions between carbonyl
compounds and “open” Zr Lewis acid sites, converting strong Zr “open” sites into weaker Lewis acid sites
and, thus, switching the reaction selectivity from the isopulegol to the MPV reduction. Case in point, ion-
exchanged Zr-beta-1-Na*4x provided 77% citronellol selectivity and 23% isopulegol selectivity. In contrast,
non-exchanged Zr-beta-1 afforded 26% citronellol selectivity and 73% isopulegol selectivity, at a similar
conversion level, without significant changes in the overall rate of citronellal conversion. These findings
highlight ion exchange as an effective tool for post-synthesis control of Zr-beta Lewis acidity.
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1. Introduction

Zeolites are microporous crystalline silicate materials with three-dimensional framework structure, formed
by corner-sharing [TO4] tetrahedral units (T= Si, Al, Zr, Sn, Ti, and others)[1-4]. In the silicate zeolite
framework, different tetravalent metals (such as Zr, Ti, Sn, Hf [5-7]) act as Lewis acids, which can accept
electron pairs thanks to their empty d-orbitals [8-10]. Distributed as single atoms in silicate frameworks,
these metal centers can catalyze oxidation reactions, such as epoxidation (Ti-silicates)[11] and Baeyer—
Villiger Oxidation (Sn-silicates)[5, 12], carbonyl-ene reactions (Zr-, Sn-, and Hf-silicates)[13], and
dehydration reactions (Zr-, Sn-, and Hf-silicates)[10, 14] and hydrogen transfer and rearrangement
reactions, including the Meervein—Ponndorf—Verley (MPV) reduction (Zr-, Sn-, and Hf-silicates)[15].

Through MPV reduction, ketones and aldehydes can be easily converted into their corresponding alcohols
in the presence of other reducible groups, such as unsaturated C=C bonds[16, 17]. The MPV reaction
proceeds via a cyclic six-membered transition-state complex in which both the carbonyl group and the
alcohol are coordinated to the Lewis acid center, enabling a concerted hydride transfer from the alcohol to
the carbonyl group [4, 18, 19]. Usually occurring at temperatures below 100 °C, MPV reduction uses
secondary alcohols as hydrogen donors instead of molecular hydrogen, which simplifies the reaction setup.
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For this reason, MPV reduction is particularly useful for synthesizing biomass-derived alcohols, many of
which are important intermediates in the production of pharmaceuticals[19-22]. In some perfumes, both
citronellal (3,7-dimethyl-6-octenal), a non-conjugated unsaturated aldehyde, and citronellol (3,7-dimethyl-
6-octene-1-ol), its MPV reduction product, are essential components [23, 24].

In MPV reduction, the most commonly used zeolite catalysts are Zr- and Sn-substituted zeolites [9, 19, 25,
26]. The former show higher activity in aldehyde reduction, while the latter favor ketone reduction [9, 18,
27, 28]. However, researchers often overlook Zr-zeolites, primarily focusing on Sn-zeolites. For example,
a search in the Web of Science Core Collection for the keyword “Zr-beta” in 2025 provides only 157 results,
in contrast to 686 results for “Sn-beta”. The lack of studies on Zr-zeolites limits our ability to fully leverage
their catalytic potential. In addition to framework-incorporated Zr atoms, these zeolites may also contain
oxidic and oxide-like polyatomic species with properties similar to those of ZrO, [10], but they are mostly
catalytically inactive below 100 °C [29].

Zr-beta zeolites contain two main types of framework Zr Lewis acid sites, namely “closed” [Zr(OSi)4] and
“open” [Zr(OSi)3;0H] sites. Zr “open” sites are considered stronger Lewis acids than Zr “closed” sites [30-
33]. The relationship between Lewis acidity and catalytic activity and selectivity has been studied because
the MPV reduction of aldehydes over beta zeolites is typically accompanied by parallel reactions, including
etherification [16], acetalization[9] and carbonyl-ene cyclization [13, 34]. Lewis acid sites are the active
centers of Zr-zeolite beta in the MPV reduction of o, f-unsaturated aldehydes, as in the reduction of
cinnamaldehyde to cinnamyl alcohol (> 98%) [16]. In contrast, Brensted acid sites catalyze undesired cross-
etherification of cinnamyl alcohol and 2-propanol, so Al-containing Zr-zeolite beta is less active and
selective. Weak Lewis acid sites promote the MPV reduction of 4'-methoxypropiophenone, while stronger
acid sites, presumably “open” Zr sites, catalyze the subsequent dehydration [35]. Increasing the
concentration of Lewis acid sites in Zr-beta catalysts could significantly enhance their activity in the MPV
reduction of cyclohexanone [36]. Thus, acid site strength is a key selectivity determinant.

In a recent study[29], we have shown that the type of Zr Lewis site determines the product selectivity of
citronellal MPV reduction over Zr-beta. The weaker “closed” sites catalyze citronellal MPV reduction to
citronellol, while the stronger “open” sites catalyze intramolecular carbonyl-ene cyclization to isopulegol.
To achieve high selectivity in MPV reduction, we must therefore develop methods for regulating the Lewis
acid site strength of Zr-beta zeolite. The most straightforward approach would be tailored synthesis of a
material containing purely “closed” sites. However, this approach remains an unsolved synthetic challenge.
Nevertheless, we can also regulate the Lewis acidic properties of zeolites by ion exchange with alkali metal
cations.

For aluminosilicates, ion exchange of their Brensted acid sites with alkali cations typically leads to the
formation of weak Lewis acid sites. Lewis acidity is provided by empty orbitals of the cations. In the MPV
reduction of citronellal over Cs* ion-exchanged X-type (aluminosilicate FAU) zeolite, Cs-FAU, citronellol
selectivity reaches 92.3% at 150 °C , while over Li-FAU and Na-FAU, isopulegol is formed instead, with
87.7 and 86% selectivity, respectively, as the reaction pathway is likely driven by steric effects related to
the effective pore sizes of the ion-exchanged zeolites [37]. In turn, the catalytic activity of aluminosilicate
H-beta zeolite in MPV reduction has been assigned to extra-framework AlOx counter cations at ion-
exchangeable sites that act as Lewis acids [23]. These sites catalyzed MPV reduction of 4-tert-butyl
cyclohexanone with 2-propanol at a turn-over-frequency (TOF) of 5150 h™" at 80 °C.



In Sn-beta, even OH groups of “open” Sn sites, whose Bronsted acidity is rather weak [10], can be ion-
exchanged with Na', shifting the reaction selectivity from glucose-fructose isomerization towards glucose
epimerization to mannose [38]. Modifying Sn-beta with a small amount of cations (Li*, Na" and NH4") can
passivate the Bronsted acidity of silanol groups adjacent to Sn atoms without changing the Lewis acidity,
thereby improving caprolactone selectivity in the Baeyer—Villiger oxidation of cyclohexanone [39]. In Zr-
Al-beta, Al Brensted acid sites have been transformed into weak Lewis acid sites to promote MPV reduction
of furfural to furfural alcohol by introducing alkali metal cations by ion exchange [40]. Beyond the
deactivation of Brensted sites, the acidity of Zr “open” Lewis sites was also weakened by introducing alkali-
metal ions to Zr-Al-beta, which partly decreases the electropositivity of Zr atoms [40]. In line with this
weakening of Zr Lewis acidity, we have also recently shown that ion exchange of “open” sites with Na*
suppresses the carbonyl-ene cyclization of citronellal through site deactivation and accelerates its MPV
reduction to some extent [29]. This effect suggests that the catalytic properties of at least some of the sites
are modified in a way that favors MPV reduction over carbonyl-ene cyclization. Based on these findings,
adjusting site acidity through modifications with appropriate alkali metal cations may improve the catalytic
performance of Zr-beta, even in reactions where MPV reduction competes with other Lewis acid-catalyzed
reactions.

Herein, we systematically characterize and investigate the catalytic properties of aluminum-free Zr-beta
catalysts in their original state and after Li", Na’, Cs" ion exchange in the competing MPV
reduction/carbonyl-ene cyclization of citronellal. The type and concentration of Lewis acid sites was semi-
quantified by FTIR analysis of adsorbed acetone and ds-acetonitrile molecular probes and correlated with
catalytic activity and reaction selectivity in citronellal transformation in 2-propanol. We found that the ion
exchange weakens the Lewis acidity of Zr “open” sites, yielding a new type of site with strength and
catalytic properties similar to those of Zr “closed” sites. As a result, ion exchange shifts the reaction
selectivity from carbonyl-ene cyclization to isopulegol towards MPV reduction to citronellol.

2. Experimental

2.1 Catalysts Preparation

Synthesis of Zr-beta-1: 35.17 g of tetraethyl orthosilicate (TEOS, 100%, VWR chemicals) was mixed with
35.46 g of 35 wt.% tetracthylammonium hydroxide (TEAOH, Thermo Scientific) and stirred for 2 hours at
room temperature. Meanwhile, 0.729 g of anhydrous zirconium(IV) chloride (99.9%, Sigma Aldrich) was
dissolved in 1.50 ml of distilled water and added dropwise to the TEOS-TEAOH mixture. Then, 1.000 g of
beta seeds (zeolite beta CP811E Si/Al=150, Zeolyst Int., dealuminated according to ref.[29]) was added,
followed by 3.52 g of 40 wt.% HF (VWR chemicals). The resulting gel (SiO,: TEAOH: H,O: ZrO,: HF=
100: 50: 870: 1.85: 50) was homogenized with a spatula and transferred to a Teflon-lined autoclave (90 ml)
before heating at 140 °C under static conditions for 17 days. Subsequently, the solid product was recovered
by centrifugation, washed with distilled water, dried at 60 °C, and calcined in air at 550 °C (2 °C/min) for
6 hours. The sample was denoted as Zr-beta-1.

Synthesis of Zr-beta-2: 28.16 g of TEOS (98%, Thermo Scientific) and 31.79 g of TEAOH (Thermo
Scientific) were mixed for 15 minutes at room temperature. Then, 0.588 g zirconium(IV) isopropoxide (Zr
(OiPr)4, Si/Zr=75 in the synthesis mixture) was added to the mixture and stirred overnight. Subsequently,
3.02 g 50 wt.% HF (VWR chemicals) and 0.281 g of beta seeds (zeolite beta CP811E Si/Al=150, Zeolyst
Int., dealuminated according to ref.[29]), dispersed in 2.7 g of distilled water, were added to the synthesis



mixture. The resulting gel (SiO,: TEAOH: H,O: ZrO,: HF= 100: 56: 842: 1.33: 54) was transferred to a
Teflon-lined autoclave and heated at 140 °C for 20 days. After crystallization, the product was filtered,
washed with 500 ml of distilled water, dried at 60 °C overnight, and calcined in air at 550 °C (2 °C/min)
for 6 hours. This sample was denoted as Zr-beta-2.

Ton exchange: Zr-beta samples were ion-exchanged with Li*, Na“ or Cs" cations, according to the method
reported by Otomo et al. [39]. The activated (2 °C/min, 450 °C, static air, 6 h) zeolite powder (0.3g) was
introduced into 1 mol/l alkali nitrate solution (MNOs, M=Li, Na, V=30ml, M=Cs, V=9 ml), (NaNO;
(Lachner, Czech Republic, 99.5%), LiNO; (Thermo Scientific, 99%), CsNO; (Thermo Scientific, 99.8%)),
and the mixture was stirred at 450 rpm, for 3 hours, at room temperature. Subsequently, the suspension was
centrifuged and redispersed in a fresh nitrate solution. This ion exchange was repeated 3 times.
Subsequently, the solid products were washed 2 times with deionized water. The washed samples were then
dried at 60 °C overnight and calcined at 450 °C for 6 h using a temperature ramp of 2 °C/min to decompose
leftover nitrates. The zeolite treated by MNOs solution was denoted as Zr-beta-X-M"* (X=1,2; M = Na, Li,
Cs). For the Zr-beta-1 Na“4x sample, the ion exchange procedure was repeated 4 times, stirring for 24 h in
each step.

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) analysis was performed on a Bruker D8 Advance diffractometer, equipped
with a LYNXEYE XE-T detector, and with Cu Ka radiation (A = 1.5406 A). Powdered samples were
scanned over a 20 range of 3-40° with a step size 0of 0.021° and 0.05 s per step.

For all samples, surface area and pore volume values were measured by N, physisorption analysis at
—196 °C on a Micromeritics 3Flex Surface Analyzer. Before each measurement, the samples were outgassed
on a Micromeritics Smart Vac Prep instrument under vacuum, heating from room temperature to 110 °C at
1 °C/min until the residual pressure reached 13.3 Pa and maintaining these conditions for 1 h. Then, the
temperature was increased to 250 °C at 1 °C/min and held for 8 h. BET surface area (Sger) was calculated
using the Brunauer-Emmett-Teller (BET) method based on adsorption data in the relative pressure range
p/po =0.05-0.20. Micropore volume (Vmic) and exernal surface area (Scx) were calculated using the t-plot
method with Harkins-Jura reference isotherm. Total adsorption capacity (Vi) was estimated from the
amount of N, adsorbed at a relative pressure of p/po = 0.95.

Elemental composition was determined by inductively coupled plasma mass spectrometry (ICP-MS) on an
Agilent 7900 ICP-MS spectrometer (Agilent Technologies, Inc., USA.). For ICP-MS, 50 mg of each sample
was acid-digested by a mixture of 1.8 ml of HNO; (67-69%, ANALPURE), 5.4 ml of HCIl (34-37%,
ANALPURE) and 1.8 ml of HF (47-51%, ANALPURE), transferred into a closed Teflon vessel (60 ml,
type DAP60), and heated at 210 °C (5 °C/min) for 25 min in a microwave oven (Speedwave XPERT,
Berghof). Once the sampled cooled down, excess HF was treated with H;BOj3 before heating again at 190 °C
(5 °C/min) for 10 min in a microwave. Then, the final solution was diluted with distilled water for analysis.

Lewis acid sites in zeolite samples were characterized by FTIR spectroscopy using adsorbed probe
molecules, either acetone (AC, 100%, VWR Chemicals) or ds-acetonitrile (CD3CN, > 99.9%, Sigma
Aldrich). The samples were pressed into self-supporting wafers with 8-12 mg-cm™ density and activated in
situ for 5 h at 450 °C under 10 Pa vacuum. CD;CN adsorption was performed at room temperature for 20
min at 500 Pa partial pressure, followed by desorption for 20 min at the same temperature. AC adsorption
was performed stepwise (dose-by-dose) at room temperature. AC adsorption at 500 Pa partial pressure and



room temperature for 20 min was followed by desorption for 20 min at 50 °C. FTIR spectra were recorded
on a Nicolet iS50 spectrometer equipped with a DTGS detector, at 4 cm™! resolution, accumulating 64 scans
per spectrum. Spectral processing was performed using Thermo Scientific OMNIC 9.0 software. To
quantify the fraction of Zr Lewis acid sites in different configurations, all spectra were normalized to 10
mg-cm? sample density, baseline-corrected, and deconvoluted using a Gaussian line shape according to
ref.[30] for CD;CN and ref.[29] for AC. The centers of the bands were fixed within 5 cm™, and the total
widths at half maximum ranged from 5 to 20 cm™. The relative fractions of Zr Lewis acid sites or different
strengths of interaction with acetone were then estimated from the ratios of the peak areas of the
characteristic bands at 1710 and 1698 cm! in the FTIR spectra of adsorbed AC.

Scanning electron microscopy (SEM) images were acquired under a Thermo Fisher Scientific Scios 2
DualBeam FIB-SEM equipped with a Schottky-type field emission gun at 12 kV accelerating voltage, 1.6
nA beam current, and 6 mm working distance. For some samples, elemental composition was semi-
quantitatively analyzed by energy-dispersive X-ray spectroscopy (EDX) using a Thermo Fisher Scientific
UltraDry X-ray detector integrated into the SEM system. Data were collected at 12 kV accelerating voltage,
1.6 nA beam current and 6 mm working distance. All samples were mounted on conductive carbon tape
attached to the SEM aluminum stub holder.

2.3. Catalytic tests

Catalytic MPV reduction of citronellal was used as a model reaction to monitor the effect of ion exchange
with an alkali cation. Before each test, the catalyst was activated at 450 °C (2 °C/min) for 6 h in a muftle
furnace under static air. For each experiment, 20 mg of activated catalyst was added to 6 ml (78 mmol) of
2-propanol (=98%, VWR Chemicals) in a 25-ml three-neck round-bottom flask. The flask fitted with a
reflux condenser, a magnetic stirrer and a septum was placed in a Starfish™ workstation. Then, the reaction
mixture was heated to 70 °C under magnetic stirring (450 rpm). Once the temperature reached and stabilized
at 70 °C, a mixture of 2.22 mmol citronellal (96%, Thermo Scientific) and 1.29 mmol mesitylene (98%,
Sigma Aldrich, internal standard) was added to the flask to initiate the reaction. The reaction mixture was
sampled every hour for 6 h. Once the samples were taken, they were immediately cooled and centrifuged
(5000 rpm, 3 min) to separate the catalyst. Subsequently, the samples were analyzed on an Agilent GC-
7890 system equipped with a VF-WAXms column (30m x 0.25mm x 1.0 pm) and a flame ionization
detector, using N as carrier gas.

Citronellal conversion (X), product yield (Yp, P=citronellol, isopulegols, citronellal diisopropyl acetal), the
corresponding selectivity (Sp) and turn-over-frequency (TOF) per 1 Zr atom were calculated using the
following formulas:

(1) Citronellal conversion: X (%) = Do e

No

(2) Product yield: Y, (%) = Z—p ,
0

3) S, (%)= ;—p , Selectivity: product yield as a function of citronellal conversion; the slope is the average

selectivity.
(4) TOF (h!) =

Np

Nz Xt

where no stands for the initial molar amount of citronellal; n,, for the molar amount of the product in the
sample; nz, for the molar amount of Zr atoms in the reaction mixture; and t, for the time when the sample
was taken from the reaction mixture.



In the catalyst recycling test, the catalyst was isolated after 6 h of the catalytic run. In an open vial, the
catalyst was dried at 25°C overnight in a hood prior to activation at 450 °C (2 °C/min), for 6 h, in a muftle
furnace, and reused in the next run. The amounts of the reagents were adjusted to the exact amount of the
recycled catalyst after activation. In the hot filtration test, the reaction mixture was filtered, after 1 h, using
a 45 pm Teflon membrane syringe filter, into a clean preheated flask to remove the catalyst, and the filtrate
was stirred at 70 °C and sampled.

3. Results and discussion

3.1. Catalyst characterization

This study aims to elucidate how ion exchange with alkali metal cations influence catalytic properties of
Al-free Zr-beta zeolites in the MPV reduction of citronellal to citronellol. For this purpose, we
hydrothermally synthesized two Al-free Zr-beta zeolites with different Si/Zr ratios (Table 1) and ion-
exchanged with Li*, Na® or Cs* cations using the corresponding nitrate solutions. Acid site strength of the
resulting catalysts was thoroughly characterized by FT-IR spectroscopy of adsorbed acetone (AC) and ds-
acetonitrile (CD3CN) molecular probes, while the catalytic performance of Zr-beta-X-M" (X=1,2; M = Na,
Li, Cs) series was tested in the citronellal reaction with 2-propanol in which MPV reduction competes with
citronellal carbonyl-ene cyclization and acetalization (Figure 1).
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Figure 1. Reaction pathways of citronellal transformation in 2-propanol over Zr-beta zeolites

The X-ray diffraction (XRD) patterns of both Zr-beta-1 and Zr-beta-2 catalysts, shown in Figure SI,
supporting information (SI), correspond to the beta topology, with no additional crystalline phases. The
shape of the broad peak around 7.7° 2-theta indicates that Zr-beta-1 contains beta polymorphs A and B in
an approximately 40/60 ratio. For Zr-beta-2, the polymorph A/B ratio is estimated at 50/50 [41]. After ion
exchange, all catalysts displayed unaltered XRD patters. These results suggest that the crystalline structures
of Zr-beta zeolites remained unaffected and that no additional phases were formed upon ion exchange.

Table 1: ionic radii in pm of elements, ion-exchanged amounts, textural properties and chemical composition
of the samples

M effecti
O Mz SVZr" St St Vo View
Sample ionic radius®
pm mol/mol mol/mol  m?/g m*/g cm¥g cmi/g
Zr-beta-1 -- 0 58 650 78 0.23 0.29

Zr-beta-1-Li* 68 0.20 58 669 87 0.23 0.30




Zr-beta-1-Na* 95 0.15¢ 58 614 79 0.21 0.27

Zr-beta-1-Na‘*4x 95 0.31° 58 n.a.¢ n.a. n.a. n.a.
Zr-beta-1-Cs* 169 0.34 58 628 83 0.22 0.28
Zr-beta-2 - 0 127 523 51 0.18 0.25
Zr-beta-2-Li* 68 0.25 127 528 50 0.19 0.25
Zr-beta-2-Na* 95 0.47°¢ 127 533 52 0.19 0.25
Zr-beta-2-Cs* 169 0.55 127 524 44 0.19 0.23

aM*=Li", Na*, Cs"; data taken from reference[42].

® average value from 4 ICP-MS analyses

¢determined by SEM-EDX analysis, averaging analyses of 2 spots approximately 20 x 20 pm
4 not analyzed because the other analyses showed no effect on textural properties

Textural properties and elemental compositions of the catalysts are outlined in Table 1. As in the XRD
analysis, the BET areas and micropore volumes of the Zr-beta samples remained mostly unchanged after
ion exchange, and the values are consistent with data reported in the literature [15, 29, 30]. N, adsorption-
desorption isotherms of the Zr-beta catalysts (Figure S2, SI) are all type I, which is typical of microporous
materials. Zr-beta-2 shows a more pronounced hysteresis loop than Zr-beta-1, highlighting that Zr-beta-2
has a slightly higher interparticle volume than Zr-beta-1, most likely resulting from differences in
morphology. SEM images (Figure S3, SI) show olive-shaped aggregates in Zr-beta-1, in contrast to
octahedron-like aggregates in Zr-beta-2. The aggregates averaged approximately 1 um in size, regardless
of type.
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Figure 2. FTIR spectra of the catalysts after adsorption of an excess of AC and CD3CN and subsequent
desorption at room temperature

By FT-IR spectroscopy of adsorbed AC and CD3;CN, we analyzed the type, strength and amount of Lewis
acid sites in Zr-beta catalysts before and after ion exchange. FT-IR spectra were collected after evacuation
and activation at 450 °C, so the samples were completely dehydrated prior to probe adsorption, and the Zr
coordination number should be 4 for both “closed” and “open” sites [30]. In M*-free Zr-beta catalysts, the
AC probe distinguished weaker “closed” from stronger “open” Zr sites by showing characteristic v(C=0)
bands of the acetone coordinated to the Zr atom at 1712 cm™ and 1698 ¢cm’!, respectively [29]. The band of
physisorbed or H-bonded acetone v(C=0) can be observed at 1719 cm™ (matching the position of the band
of liquid acetone v(C=0)[43]; the position of the AC gas-phase v(C=0) band is 1731 cm™) but vanishes
upon evacuation of the sample as these acetone molecules desorb [29]. In contrast, CD3CN interacts
exclusively with Zr “open” sites [30], so it is used as a complementary probe to AC. The position of the
CD;CN v(C=N) vibration band in gas phase is 2265 cm™'. When CD;CN binds to a Lewis acid site, its
stretching frequency v(C=N) blue-shifts, unlike AC and other carbonyl probes, where the position of the
v(C=0) band red-shifts upon interaction with the Lewis acid sites. Moreover, the blue-shift is larger than
the red-shift, indicating a stronger interaction with the acid site [44, 45].

Figure 2 shows the v(C=0) region of AC and the v(C=N) region of CD3CN adsorbed on Zr-beta-1 and Zr-
beta-2 before and after ion exchange with Li*, Na® or Cs*. In both Zr-beta-1 and Zr-beta-2, intensity is
redistributed between the two AC bands upon ion exchange; the band at 1698 cm!, assigned to acetone
coordinated to stronger “open” Lewis acid sites, becomes weaker, whereas the higher-frequency band at
1710 cm’!, initially assigned to acetone coordinated to weaker “closed” Lewis acid sites, gains intensity.
This effect is particularly evident in Cs*-exchanged samples (e.g., Zr-beta-2 area 1.3 vs. Zr-beta-2-Cs* 1.6,
Table S1, SI, Figure 3) and Zr-beta-1-Na*4x. In these materials, the 1710 cm™ band gains intensity, whereas
the 1698 cm! band becomes weaker. These changes in band intensity are not directly proportional because
the two bands likely have different molar absorption coefficients, similarly as it was reported for the “open”
and “closed” Sn sites [32] and Hf sites [46], probed by CDsCN. In contrast, the CDsCN spectra show only
moderate variations in intensity of the band at 2306 cm™ upon ion exchange. Band intensity does not
decrease in parallel with the strong changes observed in the AC 1698 cm™ band. In some samples, such as
Zr-beta-2-Na* and Zr-beta-2-Cs*, the CDsCN band intensity even increases slightly. Combined, our AC
and CDsCN IR data indicate that ion exchange does not convert “open” Zr sites into structurally different
sites but alters the strength of the interaction between probe molecules and existing Zr Lewis acid sites.

The differences in AC and CDs;CN responses to these perturbations may be explained by the type of their
electron-donor orbitals and the resulting interaction with the Zr centers [47]. AC coordinates to Zr Lewis
acid sites via donation from an oxygen lone pair predominantly associated with an sp>-hybridized orbital,
whereas CD3;CN binds through donation from a nitrogen lone pair located in an sp-hybridized orbital [48].
While a rigorous comparison of absolute lone-pair energies of the probe molecules is complicated by
differences between the atoms, lone pairs with lower s-character tend to have higher energy and basicity
(sp®> sp? > sp) [48, 49]. In line with this notion, AC has a higher proton affinity (812 kJ/mol [50, 51])
than CDsCN (779 kJ/mol [50]), qualitatively reflecting the stronger electron-donor character of acetone. In
this context, the oxygen lone pair in AC may be more effective in interacting with vacant orbitals of Zr
centers and more sensitive to subtle changes in the local electrostatic environment.

Upon ion exchange, partial electrostatic shielding of Zr sites by nearby alkali cations is directly reflected in
the v(C=0) vibration region of the IR spectra (Figure 2), suggesting a noticeable weakening of the acid site-
acetone interaction. In contrast, CDsCN binds to Zr sites through donation of the lone pair located in an sp-
hybridized orbital. This interaction is less sensitive to moderate perturbations of Zr Lewis acidity induced
by ion exchange. As a result, CDsCN is less effective in discriminating between Lewis acid sites of similar



strength and, instead, primarily reports on the presence of accessible Lewis acid sites, a population that is
largely preserved upon ion exchange.

The increased intensity of the AC band at 1710 cm! reflects the presence of a new type of Lewis acid sites.
These Lewis acid sites show weaker interactions with AC because this band is closer to that of non-
interacting acetone and evolves only after saturation of the 1698 cm™ band when acetone is introduced in
small doses to the cell (Figure 3). In our previous study [29] on M'-free Zr-beta catalysts, we ascribed this
band to Zr “closed” sites; most likely, this band probes “closed” sites in alkali ion-free Zr-beta-1 and Zr-
beta-2. Upon ion exchange, a fraction of “open” sites may be converted into “closed” sites. However, this
scenario is unlikely for two main reasons. First, ion exchange is performed in aqueous medium, so the
opposite transformation should occur under these conditions [52]. Second, conversion into “closed” sites
should induce the loss of Brensted character, occluding the alkali cation, which would reverse the process
again [33]. Conversely, we postulate that ion exchange decreases the acidity strength of the “open” Zr sites
to that of the “closed” Zr sites, thus changing their spectroscopic features and catalytic properties (vide
infra). This interpretation is supported by the findings of Gao et al. [40] on Zr-Al-beta catalysts.
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Figure 3. Dose-by-dose adsorption of acetone on Zr-beta-2 (left) and Zr-beta-2-Cs* (right) at room
temperature

3.2. Catalytic performance

The effect of ion exchange with an alkali cation on the catalytic performance of Zr-beta was assessed in a
Lewis acid-catalyzed reaction of citronellal with/in 2-propanol over two sets of ion-exchanged Zr-beta
catalysts in liquid phase at 70 °C. In addition, we performed a blank experiment with no catalyst and a set
of reference experiments over Zr-beta-2 with nitrate salts added directly to the reaction mixture. Under
these conditions, citronellal undergoes three main reaction pathways, namely (i) MPV reduction, yielding
citronellol and acetone, (ii) intramolecular carbonyl-ene cyclization, yielding a pool of isopulegol isomers,



and (iii) acetalization, yielding citronellal diisopropyl acetal (hereafter denoted as acetal). Furthermore, we
observed small amounts of citronellal isopropyl hemiacetal and several minor products (<1 % yield each),
which were identified as citronellal isomerization products, in some samples. In a reference experiment
without catalyst, no conversion was observed after 6 h.

Figure 4 shows the citronellol selectivity of parent and ion-exchanged Zr-beta-1 and Zr-beta-2 catalysts.
The corresponding citronellal conversion and isopulegol selectivity curves are provided in Figure S4 and
Figure S5, SI, respectively. The results demonstrate that selectivity is independent of conversion,
confirming that ion exchange does not alter the reaction scheme and that MPV reduction and carbonyl-ene
cyclization remain parallel reactions [29].

For both Zr-beta-1 and Zr-beta 2, citronellol selectivity follows a clear trend: parent Zr-beta-1 (26%) < Zr-
beta-1-Na* (40%) < Zr-beta-1-Li* (50%) < Zr-beta-1-Cs* (69%). This trend results from the increase in
MPV reduction TOF upon ion exchange (e.g., Zr-beta-1 citronellol formation TOF 60 h! vs. Zr-beta-1-M*
TOF 76-113; Table 2) and cannot be explained by the cation size. Nevertheless, the TOF of citronellol
formation over Zr-beta-1, in particular, increases linearly with the Na'/Zr ratio, that is, the degree of ion
exchange (Figure S6 top, SI). Simultaneously, the TOF of isopulegol formation strongly decreases, thus
accounting for the higher citronellol selectivity (77 %) of Zr-beta-1-Na'4x. Moreover, Zr-beta-1-Li" and
Zr-beta-1-Cs" also follow this trend (Figure S6, bottom), suggesting that the degree of ion-exchange drives
the reaction, regardless of the cation. For Zr-beta-2 catalysts, this trend is not so straightforward but likely
derives from the lower Zr content and, thus, lower activity. The increase in the MPV reduction selectivity
aligns with the spectroscopic observation that the stronger Zr “open” sites become weaker upon ion
exchange. These weaker Zr “open” sites catalyze MPV reduction.
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Figure 4. Citronellol yield as a function of citronellal conversion over (a) Zr-beta-1 and (b) Zr-beta-2 catalysts

To confirm this interpretation, we plotted the MPV reduction and carbonyl-ene TOF calculated from 1h
datapoints against integrated areas of the AC band at 1710 cm™, which probes the weaker Zr “closed” sites
and the ion-exchanged Zr sites that catalyze the MPV reaction (Figure 5 (a)), and of the CD3;CN band at
2306 cm-1, which probes the non-exchanged Zr “open” sites (Figure 5 (b)). MPV reduction TOF is
proportional to intensity of the band of the weaker sites and, accordingly, to site concentration. The
correlation between the intensity of the band of the stronger Zr “open” sites and the carbonyl-ene cyclization
TOF is significant only in Zr-beta-1 catalysts. A possible explanation is the slow diffusion of the product
isopulegol out of these sites due to its substituted cyclohexane structure, in contrast to citronellal and



citronellol, which are linear molecules. This slow diffusion manifests more strongly in catalysts with a low
Zr content (Zr-beta-2 set) and may also account for slight differences in the correlation between the TOF
of MPV reduction and the intensity of the band characteristic of “closed” sites of individual sets of Zr-beta-
1 and Zr-beta-2 catalysts (Figure 5 (a)).

Table 2. Selectivity and TOF of the citronellal (2.2 mmol) reaction with/in 2-propanol (78 mmol) over 20 mg of

catalyst at 70 °C
TOF* Selectivity®
Catalyst Isopulegol Citronellol Isopulegol Citronellol Acetal
h! h'! (%) (%) (%)

Zr-beta-1 179 60 73 26 2
Zr-beta-1-Li" 94 95 51 52 1
Zr-beta-1-Na™* 121 76 59 41 1
Zr-beta-1-Na*4x 33 113 23 77 0
Zr-beta-1-Cs" 50 104 32 71 1
Zr-beta-2 77 25 71 21 2
Zr-beta-2-Li" 52 47 51 48 0
Zr-beta-2-Na* 67 37 61 33 4
Zr-beta-2-Cs” 28 33 41 58 0
No catalyst 0 0 - - -
Zr-beta-2 + LiNO3 25 30 20 25 36
Zr-beta-2 + NaNOs3 24 35 25 42 22
Zr-beta-2 + CsNO; 28 33 29 31 18
No catalyst + LiNO; <1 0 3 0 61

2TOF evaluated from 1 h datapoints

bSelectivity is calculated as the slope of yield vs. conversion curves in Figure 4, Figure 6. Balance to 100%
represents a cumulative selectivity to citronellal isopropyl hemiacetal and citronellal isomerization side
products.

The stability of ion-exchanged Zr-beta was assessed in a 3-run recycling test with the most citronellol-
selective catalyst, Zr-beta-1-Na*4x (Figure S7, SI), and in a hot filtration test. The conversion curves
remained unchanged throughout the 3 consecutive runs. Citronellol selectivity (assessed as in Table 2)
dropped from 77% in the 1 run to 70% in the 2™ run, without changing in the 3™ run. So, after the initial
equilibration, the catalyst was stable under the reaction conditions, without significant Na* leaching;
otherwise, the selectivity of MPV reduction would have continued to decrease. Based on the results from
the hot filtration test, the composition of the reaction mixture does not change after removing the catalyst,
thus confirming the purely heterogeneous character of the catalytic reaction.
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We also assessed the effect of adding the alkali metal salt directly to the reaction mixture. For this purpose,
we mixed parent Zr-beta-2 catalyst with 0.1 citronellal-based molar equivalent of LiNO3;, NaNOs and
CsNO:s, that is, 0.22 mmol of each salt, in the catalytic experiment. MPV reduction TOF slightly increased
(e.g., Zr-beta-2 with added NaNOs; 35 h'! vs. no salt 25 h'') while the carbonyl-ene TOF decreased strongly
(e.g., Zr-beta-2 with added NaNO; 24 h! vs. no salt 77 h™!), with negligible differences between the 3 nitrate
salts (Table 2). These results confirm that the size of the cation does not affect selectivity under these

conditions.

Suppression of carbonyl-ene cyclization indicates that Zr “open” sites were ion exchanged also in situ;
nevertheless, citronellol selectivity increased only slightly (Table 2, Figure 6, Figure S8, SI) because the
presence of excess nitrate salt strongly promoted acetalization (e.g., 22% acetal selectivity over Zr-beta-2
with added NaNOs vs. 2% without salt) and side citronellal isomerization. The control experiment with
only LiNOs (without zeolite catalyst) yielded mostly citronellal diisopropyl acetal (6.6% yield after 6 h),
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Figure 6. Variation of citronellol yield as a function of citronellal conversion over Zr-beta-2
4. Conclusion

Ton exchange of Zr-beta zeolite “open” sites with Li*, Na" or Cs" ions, increases the concentration of Lewis
acid sites, which exhibit weaker interactions with carbonyl compounds. Whether they correspond to M*
cations, perturbed “open” Zr sites or Zr sites influenced by nearby alkali cations cannot be resolved
unambiguously from the available data, but these weaker sites share both spectroscopic characteristics, that
is, an adsorbed acetone band at 1710 cm™, and catalytic properties with Zr “closed” sites. Similarly to the
Zr “closed” sites, ion-exchanged Zr “open” sites catalyze MPV reduction of citronellal, while non-ion-
exchanged “open” sites catalyze the competing reaction, carbonyl-ene cyclization. As a result, ion exchange
significantly increases MPV reduction selectivity (e.g., Zr-beta-1 26% vs. Zr-beta-1-Cs* 71%), but not the
overall rate of citronellal conversion (e.g., 97.5% conversion over Zr-beta-1 after 6 h vs. 88% conversion
over Zr-beta-1-Cs* after 6 h). MPV reduction TOF is proportional to the intensity of the acetone band
characteristic of weaker Zr sites and, as such, to the concentration of the sites. The size of the cation does
not affect the catalytic properties.
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