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Abstract:



In the fine chemical industry, transfer hydrogenation of carbonyl compounds is an important route to selectively form the corresponding allyl alcohol. The Meerwein–Ponndorf–Verley reduction (MPV) is catalyzed by a Lewis acid catalyst and easily oxidizable alcohols serve as hydrogen donor. We successfully used the Zr-based metal-organic framework (MOF) MOF-808-P as MPV-catalyst with isopropyl alcohol as solvent and hydride donor. After only 2 h, 99% yield of cinnamyl alcohol was obtained. The highly active MOF-808-P is also a good catalyst for the selective reduction of more challenging substrates such as R-carvone and β-ionone. Two strategies were successfully used to shift the equilibrium towards the desired allylic alcohol products: (1) evaporation of formed acetone and (2) the use of the more strongly reducing 1-indanol. Carveol yield was increased to >70%. These results highlight the great potential of this recently discovered Zr-MOF as a chemically and thermally stable catalyst.
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1. Introduction


In the fragrance and pharmaceutical industry, allylic alcohols are important intermediates and flavoring compounds [1]. A widespread route to obtaining these allylic alcohols is via the chemoselective reduction of unsaturated aldehydes and ketones. This reduction can be performed via hydrogen transfer from easily oxidizable alcohols catalyzed by a Lewis acid or basic catalyst, a procedure called Meerwein–Ponndorf–Verley reduction (MPV) [2]. MPV reductions are typically performed under mild conditions and with high chemoselectivity because of the low risk of reducing other functional groups or unsaturated C=C-bonds. The high selectivity can be explained by the mechanism in which a cyclic six-membered transition state is formed [3,4]. Hydrogen donor and acceptor coordinate simultaneously to the Lewis acidic metal center; via this coordination, the carbonyl group of the substrate is activated for the hydride transfer and the reduction is performed with high selectivity [5]. Isopropyl alcohol (IPA) is the most widely used hydride donor because it is easily oxidized to acetone and is environmentally friendly [6]. The major disadvantage of IPA, however, is the reversibility of the reaction [7]. The reverse complementary oxidation of alcohols is known as the Oppenauer oxidation, resulting in an equilibrium called the Meerwein–Ponndorf–Verley–Oppenauer (MPVO) redox equilibrium [5]. To direct the equilibrium towards the desired allylic alcohol, IPA is often used in excess as the solvent of the reaction.



The earliest reported MPV-catalysts were aluminum alkoxides [8]; recent improvements of these homogeneous aluminum catalysts lead to the development of highly efficient aluminum siloxide [9] and enantioselective calixarene-based MPV-catalysts [10,11]. However, in the last 15 years, zirconium-based catalysts are gaining interest [3,7,12,13,14,15]. The earliest reported Zr-catalysts were unsupported zirconia. In the MPVO reaction of ethanol and acetone, the weakly basic ZrO2 performed less well than the strongly basic MgO [16]. Hydrous zirconia, on the other hand, proved to be a good MPV-catalyst, giving a 78% cinnamyl alcohol yield [3], and could be used under flow conditions [17]. Grafting of Zr on siliceous SBA-15 (SBA for Santa Barbara Amorphous type material) or zeolite Beta dramatically decreased the necessary Zr/substrate ratio [18,19,20]. The Zr-zeolite Beta catalyst—with Zr substituted isomorphously into the lattice—was reusable, stable in water, and only 1.3 mol % Zr was used to reach 96% cinnamyl alcohol yield within reasonable reaction time. Lewis acidity of the Zr-atoms in zeolite Beta was increased by a two-step post-synthesis method to reach 100% cinnamyl alcohol yield [21].



Cinnamaldehyde is one of the most widely used α,β-unsaturated aldehydes. It is an attractive MPV-substrate since the unsaturated alcohol product is used as a flowery note [3], and as raw material in the fragrance and pharmaceutical industry—e.g., for the cardiovascular drug cinnarizine, which is derived from cinnamyl alcohol [22]. Another reason for studying cinnamaldehyde as a reactant is the fact that it is relatively easily reduced chemoselectively compared to other unsaturated aldehydes or ketones because of favorable steric and electronic properties. Citral is another widely studied MPV-substrate for which typically lower yields are reached, so longer reaction time or higher Zr-loadings are necessary [15,19,21,23]. Carvone, isophorone, and β-ionone are examples of α,β-unsaturated ketones that are even more difficult to chemoselectively reduce to obtain allylic alcohols in high yields. De bruyn, et al. [7,24], however, overcame this limitation by using the more strongly reducing 1-indanol as hydrogen donor and siliceous MCM-41 (MCM for Mobil Crystalline Material) immobilized Zr and Hf as catalysts.



Aside from zeolites and mesoporous silicas, Zr-containing metal-organic frameworks (MOFs) have recently been proposed as MPV-catalysts. MOFs are crystalline, porous materials composed of metal (oxide) nodes interlinked by polytopic organic ligands, forming three-dimensional structures with well-defined cages and channels. These microporous solids have attracted researchers’ interest mainly due to their versatility, high surface area, and acid–base properties. Even though concerns have been raised about their thermal and physical stability, MOFs are promising catalysts for the synthesis of high-added-value products [25,26,27]. UiO-66 (UiO for University of Oslo) is a zirconium-terephthalate-based MOF best known for its high chemical and thermal stability and easy functionalization. When HCl and/or trifluoroacetic acid are added to the MOF synthesis mixture, terephthalate linkers are partially replaced by trifluoroacetate, resulting in a more open framework with a large number of open sites [14]. These Zr-based modulated UiO-66 and UiO-66-NO2 were already successfully used as MPV reduction catalysts with tert-butylcyclohexanone as the reactant [14] and in other challenging selective reductions, such as those of unsaturated aldehydes and ketones [28]. Llabres and co-workers [29] successfully showed the presence of Lewis acid centers in UiO-66 and used these Zr-based MOFs for the esterification of levulinic acid with various alcohols. The catalytically-active sites are coordination vacancies on the Zr-metal, arising from crystalline defects associated to linker deficiencies or from thermal dehydroxylation of the Zr-cluster [29,30].



Recently, a new range of Zr-MOFs has been reported, all based on the Zr6O4(OH)4(-CO2)n secondary building unit (SBU) and variously shaped carboxylic organic linkers [31]. One of these Zr-materials is MOF-808, in which the Zr-SBU is connected to six 1,3,5-benzenetricarboxylate (BTC) organic linkers and six formate ligands (Figure 1a,b). Every linker is coordinated to three SBUs, resulting in tetrahedral and adamantane-shaped cages with an internal pore diameter of respectively 4.8 Å and 18 Å (Figure 1c,d). These large pores are of interest for use of MOF-808 as MPV reduction catalyst since they might alleviate mass transport limitations and facilitate formation of the six-membered transition state. Furthermore, a new crystalline form of MOF-808—designated as MOF-808-P—has been described; it contains five instead of six formate ligands per cluster, resulting in a coordinatively unsaturated Zr-site [32]. Citronellal cyclization experiments already indicated that MOF-808-P contains Lewis acid sites; such sites are suitable to catalyze MPV reduction [1].


Figure 1. (a) Zr6O4(OH)4(HCOO)6(-CO2)6 metal clusters, and (b) 1,3,5-benzenetricarboxylate (BTC) linkers form (c) tetrahedral cages (yellow spheres represent the internal free volume inside these cages with a diameter of 4.8 Å), and (d) large adamantane-shaped cages, internal free volume with diameter of 18 Å. Zr coordination polyhedra, green; C: brown spheres; O: red spheres; formate C and O: half-filled; H omitted for clarity (based on Ref. [31]).
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In this work, MOF-808-P is successfully used as MPV-catalyst for various α,β-unsaturated carbonyl compounds. For cinnamaldehyde and citral, allylic alcohol yields of respectively 99% and 95% were obtained within a very short reaction time. More challenging substrates, such as R-carvone, reached the equilibrium point, but this equilibrium could be shifted towards the desired allyl alcohol by evaporation and the use of 1-Indanol.




2. Results


2.1. Reduction of Cinnamaldehyde and Carvone


Zr-based MOF-808-P was synthesized according to the reported procedure, starting from ZrOCl2·8H2O and 1,3,5-benzenetricarboxylic acid (BTC) dissolved in a mixture of N,N-dimethylformamide (DMF) and formic acid [32]. In contrast to the MOF-808 synthesis employing stoichiometric amounts of linker (ZrOCl2/BTC = 1/1) [31], MOF-808-P is synthesized with an excess of Zr-source (ZrOCl2/BTC = 3/1), resulting in formic acid ligand deficiency and an increased number of Lewis acid sites at the under-coordinated Zr-metal. Characterization via powder X-ray diffraction (XRD, see supporting Figure S1), scanning electron microscopy (SEM, see supporting Figure S2) and thermogravimetric analysis (TGA, see supporting Figure S3) confirms that the correct structure is formed and that it crystallizes in octahedral microcrystals. Prior to the catalytic test, the metal-organic framework (MOF) is activated at 150 °C overnight to remove residual solvent molecules; at this temperature, activation under vacuum or in a regular oven had no effect on the resulting powder XRD nor on the catalytic activity.



Meerwein–Ponndorf–Verley (MPV) reductions were carried out at 120 °C with isopropyl alcohol (IPA) as hydrogen donor and as solvent to move the equilibrium towards the desired allylic alcohol products. Catalytic activity of MOF-808-P is compared to UiO-66 and UiO-66-NO2 by keeping the Zr/substrate ratio constant (Zr wt % is based on inductively coupled plasma–atomic emission spectra (ICP–AES) measurements and theoretical structure calculations; see supporting information and Table S1). Figure 2 shows that MOF-808-P is an excellent MPV-catalyst with both high trans-cinnamaldehyde conversion (>99%) and high trans-cinnamyl alcohol selectivity (>99%). Not only the yield is higher compared to the UiO-66 materials; the reaction rate is considerably increased: after only 2 h, complete conversion with high selectivity is obtained. The outstanding catalytic performance of MOF-808-P is even more clearly visible in the MPV reduction of R-carvone in Figure 2b. After 2 h, the cis,trans-carveol yield is 20-fold higher than the yield obtained with UiO-66 and UiO-66-NO2 at the same time in the same reaction conditions. Even after reaction for 24 h, the UiO-66 materials only reach half of the MOF-808-P yield after 2 h.


Figure 2. Meerwein–Ponndorf–Verley reduction of (a) trans-cinnamaldehyde and (b) R-carvone in isopropyl alcohol, catalyzed by Zr-based MOFs UiO-66-x and MOF-808-P activated overnight at different temperatures: 150 °C (▲) and 220 °C (∆) (a: vacuum activation). (c) Hot filtration of the catalyst to confirm that the catalysis is truly heterogeneous. (120 °C, Zr/Substrate/IPA (Isopropyl alcohol) = 1/13/480, 250 rpm).
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The increased activity of MOF-808-P can be partly attributed to the larger pores, enhancing the accessibility of under-coordinated Zr-atoms and facilitating the formation of the six-membered transition state, but more importantly to the Lewis acid sites on the under-coordinated Zr-atoms. Similar to mechanisms reported in literature [1,3,33], a metal-alkoxide bond is formed with an isopropyl alcohol molecule while the substrate carbonyl-group is simultaneously activated via similar coordination to a Zr-atom. Both C-O bonds in hydride donor and acceptor are in close proximity, and hydride transfer occurs via a six-membered transition state while maintaining stereochemistry. Probing of the Lewis acid sites via sorption with deuterated acetonitrile (CD3CN) (Figure S4) indicated a larger ratio of chemisorbed molecules on Lewis acid sites to physisorbed molecules (vibration frequency at 2297 cm−1 and 2265 cm−1, respectively) for MOF-808-P compared to UiO-66 after activation at 150 °C. Furthermore, a large fraction of the CD3CN molecules on the Lewis acid sites of MOF-808-P stay chemisorbed upon desorption under vacuum by increasing temperature to 150 °C, indicating a high acid strength.



It has often been observed that traces of DMF can be strongly adsorbed in the MOF structure, especially for MOF-808-P, since the missing formate ligand is most likely replaced by a DMF or water molecule [32]. ICP-AES indicates a Zr weight percentage of 39.4 +/− 0.7 wt %, a little lower than the theoretical 40 wt % when all missing linkers would be replaced by water. To investigate if some residual DMF molecules might still be adsorbed in the MOF on the catalytically active sites as suggested by thermogravimetric analysis, the activation temperature was increased from 150 °C to 220 °C under vacuum overnight. The elevated activation temperature clearly has a detrimental impact on the catalytic performance, as is shown in Figure 2a. Powder X-ray diffraction of MOF-808-P after activation at 220 °C indicates structure breakdown of the material after this activation step. Further experiments reported in this work were therefore always obtained with MOF-808-P catalyst activated at 150 °C.



Leaching of Zr into the solution was investigated by hot filtration of the reaction mixture after 1 h to remove the catalyst. Filtrate conversion did not increase after 24 h, indicating that there is no leaching of catalytically-active Zr into the solution, and the catalysis is truly heterogeneous (Figure 2c). The stability of MOF-808-P was retained upon activation and during the course of the reaction, as indicated by powder X-ray diffraction (XRD) of recycled catalyst (supporting Figure S1). This recycled catalyst is collected via centrifugation after reaction and washed with ethanol and IPA four times, after which it was activated first at 60 °C and overnight at 150 °C. Although hot filtration and powder XRD indicate there is no leaching nor perceptible structure breakdown, activity with the recycled catalyst drops by about 25% in the reduction of both cinnamaldehyde and carvone.




2.2. Increase Equilibrium Carveol Yield


In view of the remarkably short reaction time to reach the equilibrium point in the R-carvone reduction, this specific reaction is further investigated to increase the yield. As mentioned before, Meerwein–Ponndorf–Verley (MPV) reduction is an equilibrium reaction with the reverse reaction called Oppenauer oxidation. The Meerwein–Ponndorf–Verley–Oppenauer (MPVO) redox equilibrium is determined by the oxidation potentials of both carbonyl–alcohol pairs. Aside from using isopropyl alcohol as the solvent, two other strategies can be used to shift the equilibrium towards the desired products: (1) distilling off acetone and (2) the use of stronger reducing alcohols. The results of both strategies are shown in Figure 3.


Figure 3. (a) Evaporation of acetone and isopropyl alcohol (IPA) and addition of fresh IPA solvent (∆) direct the equilibrium towards a cis,trans-carveol yield of 70% (120 °C, Zr/Substrate/IPA = 1/13/480). (b) MPV (Meerwein–Ponndorf–Verley) reduction with 12 equivalents of strongly reducing (S)-1-indanol (∆) drives the equilibrium towards a cis,trans-carveol yield of 73%. (120 °C, Zr/substrate/reducing agent/toluene = 1/13/156/480).
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2.2.1. Evaporation of Acetone


In the first strategy, two reactions are carried out simultaneously; one reaction is stopped after 2 h and both the solvent isopropyl alcohol and the formed acetone are removed by rotary vacuum evaporation. After the addition of fresh isopropyl alcohol, carveol yield reaches 70% (Figure 3a). This is 20% higher than without intermediate removal of acetone and clearly points out the importance of the reverse reaction, which limits the maximum carveol yield. Based on these results, the reaction was performed under reflux. Twenty mg of activated MOF-808-P together with IPA, internal standard, and carvone were placed in a 50 mL two-mounted flask connected to a condenser. The reaction mixture was refluxed at 80 °C and stirred at 250 rpm, while a N2-flow was passed over the mixture to remove the formed acetone. The obtained yield after 4 h was comparable to the yield of the rotary evaporated sample (see supporting Figure S5). After 6 h, even 74% yield could be obtained; however, loss of isopropyl alcohol was also significant at that time, so the reaction could no longer proceed.




2.2.2. 1-Indanol as Reducing Agent


With the second strategy (the use of a stronger reducing alcohol [7,24]), the yield could be vastly increased to 73% (Figure 3b) with a diastereomeric excess (d.e.) for cis-carveol of 90% (see supporting information and supporting Figure S6). This reaction was carried out with 12 equivalents of (S)-1-indanol in toluene as solvent. The reaction with 12 equivalents of isopropyl alcohol in toluene is also given as comparison in Figure 3b.





2.3. Substrate Scope


Given the excellent catalytic performance of MOF-808-P both with trans-cinnamaldehyde and R-carvone, a series of other α,β-unsaturated aldehydes and ketones were tested. Figure 4 shows that for the unsaturated aldehyde citral, high yields (>90%) are also obtained within a short time with high selectivity (>98%). Furthermore, Figure 4 shows that for the α,β-unsaturated ketones tested, complete conversion is not reached; instead, an equilibrium is established. This equilibrium is influenced by the redox potentials of the specific alcohol/ketone couples. We used isopropyl alcohol (IPA) as hydrogen donor and as solvent to shift the equilibrium towards the allylic alcohol product, but the oxidation potential of these compounds is too low compared to that of the acetone/IPA couple to allow complete conversion, as the reverse Oppenauer oxidation reaction takes place [6]. From the moment equilibrium is reached, selectivity starts to decrease due to the slow competing reactions that continue to progress. Selectivity in favor of the allylic alcohol is high in all reactions, only in the case of 4,4-dimethyl-2-cyclohexen-1-one, the saturated alcohol and etherification of the allylic alcohol with IPA are formed in significant amounts.


Figure 4. Meerwein–Ponndorf–Verley (MPV) reduction of α,β-unsaturated carbonyl compounds catalyzed by MOF-808-P (120 °C, Zr/Substrate/IPA = 1/13/480, 250 rpm). Different colors indicate sampling at different reaction times; dotted bars represent conversion at the corresponding time (X).
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3. Discussion


From the broad substrate scope shown in Figure 4, it can be concluded that the cages and channels in MOF-808-P are sufficiently large to allow chemoselective transfer hydrogenation of bulky molecules like β-ionone, with a yield of 77%. Aside from steric effects, electronic effects are also known to have an impact on the reactivity [6,7]. Electron donating substituents (such as methyl groups) increase the electron density of the carbonyl group, thereby reducing the hydrogen transfer, especially when present in the β-position of the carbonyl group. This explains the relatively low yields for isophorone. Table 1 compares the allylic alcohol yields obtained with MOF-808-P, with the highest yields reported in literature for comparable catalyst systems. Compared to Zr-zeolite Beta, that uses 1.3 mol % Zr to reach full conversion after 3 h, MOF-808-P obtained full cinnamaldehyde conversion within 2 h by using 7.7 mol % Zr (entry 1). For citral excellent allylic alcohol yield is also obtained within 4 h, in contrast to the Zr-PhyA reported MPV-catalyst that required 6 h to obtain 88% yield with a higher Zr mol % (150%) (entry 2). The reported yield for carvone and isophorone is higher than the one obtained with MOF-808-P in our reaction system (entries 3 and 5); however, the reactant used in these studies (1-indanol) is more strongly reducing than the isopropanol used in this work. As mentioned above, the obtained carveol yield with indanol and MOF-808-P surpasses the best reported values (Table 1, entry 3). For comparison, a homogeneous Zr-catalyst—Zr(IV) acetyl acetonate (Zr(acac)4; obtained from ABCR, AB122355)—was also tested under the same reaction conditions as MOF-808-P in isopropyl alcohol with the same Zr-to-substrate ratio. After 2 h at 120 °C, very little conversion was measured; after 24 h, however, 62% of the initial cinnamaldehyde was converted with 96% selectivity in favor of cinnamyl alcohol. This obtained cinnamyl alcohol yield with the homogeneous Zr-catalysts is still 1.6 times lower than for MOF-808-P, while reaction time was 12 times longer. The same activity trend is observed in the MPV reduction of carvone; after 24 h at 120 °C, conversion reaches only 7% with Zr(acac)4. These experiments indicate heterogenization of Zr in the form of a porous catalytically-active material is not only beneficial for its recyclability, but also for its activity.



Table 1. Comparison of MOF-808-P obtained allylic alcohol yields with literature.







	
Entry

	
Substrate

	
t (h)

	
Y 1 (%)

	
S 1 (%)

	
Literature 2




	
Conditions

	
Catalyst

	
Ref.






	
1

	
trans-cinnamaldehyde
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2

	
99

	
99

	
96% 3 h, IPA

	
Zr-zeolite β

1.3 mol % Zr

	
[19]




	
2

	
cis,trans-citral
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4

	
95

	
98

	
88% 6 h, IPA

	
Zr-PhyA

150 mol % Zr

	
[15]




	
3

	
R-carvone
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8

	
48

	
97

	
62% 5 h,

1-indanol

	
Zr-MCM-41

5 mol % Zr

	
[7]




	
4

	
4,4-dimethyl-2-cyclohexen-1-one
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24

	
60

	
85

	
-

	
-

	
-




	
5

	
isophorone
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48

	
24

	
75

	
40% 24 h,

1-indanol

	
Hf-MCM-41

5 mol % Hf

	
[24]




	
6

	
β-ionone
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48

	
77

	
89

	
77%

9 h, IPA

	
B-MCM-41

4 mol % B

	
[23]








1 Yield and selectivity are given for allylic alcohol (120 °C, Zr/Substrate/IPA = 1/13/480, 250 rpm, 20 mg catalyst); 2 Allylic alcohol yield, time, reducing agent, catalyst, and metal mol % for the given references.









4. Materials and Methods


4.1. Synthesis and Characterization


All chemicals and solvents used in the syntheses were of reagent grade and used without further purification.



4.1.1. MOF Synthesis


The synthesis was performed according to the reported procedure. All materials were made in a closed Schott DURAN® (VWR, Leuven, Belgium) pressure plus bottle with a volume of 1 L under static conditions starting from a non-equimolar solution of ZrOCl2·8H2O (9.7 g, 30 mmol, 95%, ABCR GmbH, Karlsruhe, Germany) and 1,3,5-benzenetricarboxylic acid (BTC) (2.1 g, 10 mmol, 98%, ABCR GmbH, Karlsruhe, Germany) dissolved in a mixture of N,N-dimethylformamide (DMF) (450 mL, 6 mol, >99%, Acros Organics, Geel, Belgium) and formic acid (450 mL, 12 mol, >98%, Acros Organics, Geel, Belgium). The synthesis mixture was placed in a preheated oven at 120 °C for 48 h. The powder was collected via centrifugation (10 min, 11 000 rpm) and thoroughly washed with DMF (3 times/day for 3 days) and methanol (HPLC grade, Chem-Lab Analytical BVBA, Zedelgem, Belgium) (3 times/day for 3 days). Finally, the material was activated at 150 °C in air to remove residual solvent molecules.




4.1.2. MOF Characterization


Powder X-ray diffractograms were routinely collected on a STOE STADI COMBI P diffractometer (STOE & Cie GmbH, Darmstadt, Germany) in High-Throughput mode, equipped with an image plate detector using Cu Kα radiation (λ = 1.54056 Å). Scanning Electron Microscopy (SEM) images were obtained using a JEOL SEM (JSM-6010LV, Jeol Europe BV, Zaventem, Belgium). MOF-808-P was analyzed by Thermogravimetric Analysis (TGA) under a stream of O2-gas using a Universal V4.5A TA Instrument (TA Instruments, New Castle, DE, USA). CD3CN chemisorption spectra were measured on a Nicolett 6700 (Thermo Scientific, Waltham, MA, USA) FTIR (128 scans, resolution of 2 cm−1) and analyzed with Omnic software (Version 8.0, Thermo Scientific). Inductively Coupled Plasma (ICP)—Atomic Emission Spectra (AES) were recorded on a Varian 720-ES (Varian Inc., Walnut Creek, CA, USA).





4.2. Catalytic Experiments


Before reaction, each catalyst was dried at 150 °C for 16 h to remove residual solvent molecules. Catalytic reactions were carried out in 10 mL glass crimp cap vials loaded with 20–30 mg catalyst and a magnetic stirring bar. A solution of the substrate in 3.3 mL isopropyl alcohol (IPA) (extra pure, Acros Organics, Geel, Belgium) was added; tetradecane (99%, TCI Europe NV, Zwijndrecht, Belgium) was added as internal standard. For each catalyst and substrate, a substrate-to-Zr ratio of 7.8 was used to compare the activity of each catalyst for every substrate. After introduction of the reaction mixture, the vials were placed in an aluminum heating block (at 120 °C) and stirred (250 rpm). Reaction samples were filtered through a 0.45 µm PTFE filter (Thermo scientific, VWR, Leuven, Belgium) and analyzed with a Shimadzu 2010 GC (Shimadzu Benelux BV, Brussel, Belgium) equipped with a CP-Sil 8 column and a FID detector. Reaction products were identified using GC-MS (Agilent Technologies Belgium, Diegem, Belgium).





5. Conclusions


The Zr-based MOF-808-P was successfully used as a Meerwein–Ponndorf–Verley reduction catalyst for various α,β-unsaturated aldehydes and ketones. For typical substrates such as trans-cinnamaldehyde and cis,trans-citral, yields of respectively 99% and 95% were obtained within a short reaction time. Because of the increased number and strength of Lewis acid sites on coordinatively unsaturated Zr-atoms, the cis,trans-carveol yield increased 20-fold compared to reactions using another Zr-based MOF, UiO-66. For more challenging substrates, the equilibrium and reverse reduction of acetone prevented complete conversion. Two strategies were successfully used to shift the equilibrium towards the desired allylic alcohol products: evaporation of formed acetone and the use of the more strongly reducing 1-indanol increased the cis,trans-carveol yield from 50% to more than 70%.
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The following are available online at www.mdpi.com/2073-4344/6/7/104/s1, Figure S1: Powder X-ray diffractograms of MOF-808-P: simulated MOF-808 pattern, as synthesized MOF-808-P, activated at 150 °C and 200 °C for 16 h and recycled after reaction. Figure S2: SEM micrograph of MOF-808-P. Figure S3: Thermogravimetric Analysis. Figure S4: Normalized FTIR spectra of CD3CN chemisorption on MOF-808-P (a) and UiO-66 (b) at 10 mbar (RT) and desorption under vacuum at increasing temperature. Figure S5: Evaporation of acetone and isopropanol and addition of fresh IPA solvent (□) indicate that the equilibrium of the Meerwein–Ponndorf–Verley (MPV) reduction of R-carvone with MOF-808-P can be shifted towards cis,trans-carveol. By performing the reaction under reflux at 80 to 100 °C, yield could be increased to 74%. Figure S6: MPV reduction of R-carvone with MOF-808-P with 5 (filled) or 12 (open) equivalents of (S)-1-Indanol. When yield of cis,trans-carveol (■,□) reaches equilibrium (73%), epimerization occurs and the diastereomeric excess (d.e., ●,○) decreases. (120 °C, Zr/substrate/reducing agent/toluene = 1/13/156/480). Table S1: Theoretical molecular formula and Zr-percentage compared to ICP-AES analysis of self-synthesized MOF-808-P activated at 150 °C (16 h).
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