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Heterogeneous Sodium-Manganese Oxide Catalyzed Aerobic OxidativeCleavage of 1,2-Diols Vincent Escande + ,* Chun Ho Lam + ,Philip Coish, and Paul T. Anastas* Abstract: The aerobic oxidative cleavage of 1,2-diols using aheterogeneous catalyst only based on earth-abundant metals manganese and sodium is reported for the first time.T his reusable catalyst cleaves av ariety of substrates into aldehydes or ketones with high selectivity.T he reaction requires small catalytic loadings and is performed under mild conditions using ambient pressure O 2 or air as the oxidant while producing water as the only by-product. Mechanistic investigations reveal am onodentate,t wo-electron oxidative fragmentation process involving aM n IV species.T he eco-friendly, innocuous catalyst is compatible with aw ide range of functional groups and conditions,making it highly competitive with classical reagents,such as periodic acid or lead tetraacetate,as apreferred method for activated 1,2-diols.

The oxidative cleavage of 1,2-diols to produce aldehydes or ketones is an important transformation in synthetic organic chemistry.Since its discovery in the early 20th century, [1] this reaction has been employed in numerous applications ranging from organic syntheses [2] to analytical studies in biochemistry. [3] Recently,t he oxidative cleavage of 1,2-diols has been employed in biomass valorization for renewable feedstock production. [4] However,d espite human health and environmental concerns,t he reaction conditions continue to use the same archetypal reagents,periodic acid and its salts,and lead tetraacetate.W hile these reagents are known to be selective and efficient, their intrinsic toxicities and safe disposal are non-trivial consequences,q uestioned by sustainability standards. [5] Although several methods have been developed to address the aforementioned challenges using chemically benign oxidant, such as O 2 or hydrogen peroxide, [2a, 6] they either require toxic reagents or high loadings of precious metals for the transformation. Driven by the need for sustainable catalysts,m etal-free routes have been reported recently, [7] as well as catalysts based on more abundant metals, such as complexes of Fe, [8] Mn, [9] Ti, [10] and V. [11] However, in addition to af requent lack of selectivity,acritical drawback persists as most of these catalysts are homogeneous and nonrecyclable.Therefore,development of acost-effective,innocuous,h eterogeneous catalyst that enables ah ighly selective aerobic oxidative cleavage of 1,2-diols is imperative.

Our recent reports using catalysts prepared from Mn-rich plant extracts [12] prompted us to investigate the utilization of aw ell-defined heterogeneous Mn oxide catalyst for the oxidative cleavage of 1,2-diols.T ransition-metal oxides have attracted growing interest for the synthesis of small molecules. They represent amajor class of heterogeneous catalysts used in industry. [START_REF] Aj | Metal oxides:c hemistry and applications, Taylor &F rancis,B oca Raton, FL[END_REF] Among them, manganese oxides are particularly attractive for its abundance and low toxicity. [START_REF] Gerber | [END_REF] These materials exist as avariety of structures,with unique catalytic properties in anumber of reactions. [15] In particular, in layered oxides such as birnessite,e dge-shared MnO 6 units form al attice with exchangeable oxygen molecules.M ns pecies exist in the lattice as the mixed oxidation states Mn II ,M n III and Mn IV . [START_REF] Liu | S uib in Handbook of layered materials[END_REF] We envisaged the coexistence of these different oxidation states and the possibility of redox cycling with O 2 would make Mn layered mixed oxide agood candidate for the aerobic oxidative cleavage of 1,2-diols as ah eterogeneous catalyst. It is worth noting that activated manganese dioxide has been described as an efficient reagent for 1,2-diol oxidation but only with the use of al arge excess of reagent [40:1 ratio of reagent:substrate]. [START_REF] Ohloff | [END_REF] While this amount of reagent has presumably disqualified the method as afeasible method for large-scale reactions,nocatalytic version has been proposed so far.

Herein, we describe an unprecedented protocol for aerobic oxidative cleavage of 1,2-diols into aldehydes or ketones using manganese layered mixed oxide (Mn LMO) as the catalyst (Scheme 1). Thea bsence of toxic solvents or reagents,the use of mild reaction conditions and the ability to cleave av ariety of 1,2-diols within short reaction times by using O 2 or air as oxidants are significant advantages of the method. Most importantly,the catalyst is easily prepared from inexpensive reagents and can be recycled multiple times without losing activity which makes this approach competitive with previous systems.

We prepared Mn LMO under mild conditions,a dapted from ap revious route. [18] Oxidation of Mn 2+ ions from MnCl 2 •4 H 2 Ow ith hydrogen peroxide in presence of sodium hydroxide afforded the corresponding catalyst which was isolated by filtration. Energy-dispersive X-ray (EDX;F igure S1 in the Supporting Information) spectroscopy revealed the oxide nature of the material, and presence of Na along with Mn. Further characterization by inductively coupled plasma atomic emission spectroscopy (ICP-AES;T able S1) and thermogravimetric analysis (TGA;F igure S2) indicated that the material can be formulated as Na 0.274 MnO 2 •6 H 2 O, hereafter referred to as Na-Mn LMO.B ased on this composition, Mn is present with an average oxidation state of approximately + 3.7, [19] which was confirmed by X-ray photoelectron spectroscopy (XPS;F igures S3 and S4). Whereas Na-Mn LMO appeared to be of low crystallinity, its X-ray powder diffraction (XRPD;F igure S5) pattern showed prominent (001) peaks suggesting that Mn oxide layers are uniformly stacked in the birnessite phase with interlayered Na + ions. [20] This is confirmed by Fourier transform infrared (FTIR;F igure S6) spectroscopy which displayed astrong band at 400 cm À1 ,characteristic of layered Mn oxides. [21] We evaluated the performance of our Na-Mn LMO material as ac atalyst for oxidative cleavage using mesohydrobenzoin under the atmospheric pressure of O 2 in amodel reaction. Thee xploratory conditions and results are presented as supplementary material in Table S2. Theo ptimized reaction conditions afforded the desired product, benzaldehyde,i nh igh yield. At 100 8 8Ci n1 -butanol, a9 9% conversion with complete selectivity toward benzaldehyde was obtained in 1h,w ith only 1mol %o fM n( Table 1, entry 1). Ah igh turnover frequency( TOF) of 180 h À1 at 100 8 8Cw as achieved in the initial hour (see Supporting Information). While O 2 gave the shortest reaction times,t he same conversion was obtained in air,in4h(Table 1, entry 2). Control experiments under N 2 confirmed the critical role of oxygen for the reaction (Table 1, entry 3).

Only 5% yield was obtained with commercial MnO 2 and activated MnO 2 ,s upporting the notion that the unique layered structure of Na-Mn LMO was critical to catalytic activity (Table 1, entries 4-5). Interestingly,aNa-birnessite similar to Na-Mn LMO but prepared in less-basic conditions gave al ower conversion (33 %) than Na-Mn LMO (Table 1, entry 6). While this result confirmed that al ayered structure was ak ey parameter for catalysis,i ta lso highlighted the importance of basicity during catalyst preparation.

Theb ase influence on catalyst morphology and activity was assessed by the preparation of catalysts within arange of NaOH concentrations (in excess relative to the amount required for oxidation of Mn 2+ by H 2 O 2 ). Ther esulting catalysts displayed increasing activity with increasing NaOH concentration up to an optimal concentration of 1.8 m (Table S3) while average size of particles as measured by scanning electron microscopy (SEM) decreased to 4.9 mm. However,when the concentration of NaOH reached beyond this limit, average particle size increased dramatically to over 30 mma long with an apparent decline in catalytic activity (Figure 1a).

These observations are consistent with the known influence of basicity on the crystallization of birnessite-materials. [22] Indeed, when we examined aweaker base,tetramethylammonium hydroxide (TMA•OH) and stronger base,cesium hydroxide,w eo bserved an optimal yield with NaOH (Figure 1b). Again, SEM measurements showed that excessively high basicity caused the crystallization of the material, resulting in the formation of large particles (> 30 mm) with low catalytic activity (Figure S7).

Using the most active form of Na-Mn LMO catalyst, avariety of 1,2-diols were readily cleaved under the optimized conditions (Table 2). Although 1mol %ofM nw as sufficient to cleave these substrates,w es elected 10 mol %s ince it provided shorter reaction times.B oth syn and anti as well as symmetrical and asymmetrical benzylic diols were cleaved efficiently (Table 2, entries 1-5). Thea pplicability of the method was illustrated by high, isolated yields (up to 96 %), after simple filtration then evaporation of the solvent (Table 2, entries 1,3). Benzylic or allylic 1,2-diols were the Scheme 1. Previous routes and this work.

Table 1: Oxidative cleavage of meso-hydrobenzoin catalyzed by Na-Mn LMO and other Mn oxides. [a] Entry Catalyst

Atmosphere t [h] Conversion [%] [b] Selectivity [%] [b,c] 1N 6N abirnessite [d] O 2 13 3 > 99

[a] Reaction conditions: meso-hydrobenzoin (42.9 mg, 0.2 mmol), catalyst (1 mol %Mn), 1-butanol (1 mL), gas balloon, 100 8 8C. [b] Conversion and selectivity were determined by GC using dodecaneasinternal standard. Remaining mass balance is recovered starting materials.

[c] Ratio of benzaldehyde yield to conversion as apercentage. [d] Nabirnessite prepared according to Ref. [18].

most reactive,b ut the method was also efficient on less activated benzylic-aliphatic diols (Table 2, entries 5,6). In the particular case of an on-substituted 1,2-diol such as 1f,t he reaction was slower and some degradation occurred after long heating. However,a ddition of ab ase made the oxidative cleavage possible.Ascreening of bases (Figure S8) revealed that the mild base Na 2 CO 3 was most effective.H owever,n o reaction occurred on diols substituted by two aliphatic moieties (Table 2, entries 13,14), showing the catalyst was selective toward diols with aleast one activating substituent. TheNa-Mn LMO catalyst cleaved heterocyclic 1,2-diols with high efficiency (Table 2, entries 8,9), sometimes with only 1mol %o fM n, without any poisoning effect of the heterocyclic atom. Moreover,r eactions were unaffected by the presence of electron-donating and withdrawing aromatic substituents,consistently achieving complete conversion with over 99 %s electivity (Table 2, entries 10-12). Interestingly, atest on (S)-mandelic acid showed that the oxidative cleavage was also possible on this a-hydroxy acid, here again with abeneficial effect of additional Na 2 CO 3 (Table S4).

In addition to substrate surveying, kinetic experiments were devised to gain mechanistic insight. Interestingly,kinetic comparison of meso-a nd (R,R)-hydrobenzoin cleavage revealed the anti isomer, meso-hydrobenzoin, was cleaved faster than the syn isomer, (R,R)-hydrobenzoin (Figure S9). Such observation disapproved the cyclic type Imechanism, [2a] where the opposite trend would be expected. [START_REF] Ohloff | [END_REF]23] Moreover, in ac yclic type Imechanism, the reaction has usually second order (with order one with respect to the substrate and one to the oxidant). [2a] However, our initial rate kinetic study revealed the order with respect to meso-hydrobenzoin to be zero (Figure S10), and displayed af ractional order with respect to the oxidant (Figure S11). We therefore postulate the cleavage proceeded through atype II mechanism wherein an acyclicmonodentate complex intermediate was formed as shown in Scheme 2. In this mechanism, the anti-diol would go b) are the same than for Table 1, entry 1.

Table 2: Aerobic oxidative cleavage of 1,2-diols catalyzed by Na-Mn LMO. [a] Entry Substrate [b] t [h] Product Conv.

[%] [c] Yield [%] [c] 1 [d] 1 99 99

[96] 2 1 93 93

3 [d] 1 15 [e] 53 [e,f ] 7 1 97 97 8 4 94 94

9 [d] 1 99 99 10 1 100 99 11 1 100 99

through an antiperiplanar geometry intermediate (see Scheme 2, A' ')w hich would line up both CÀOs igma orbitals to facilitate the cleavage transition while minimizing the steric hindrance from the phenyl groups. [START_REF] Rubottom | Oxidation in Organic Chemistry, Part D[END_REF] Although less common, the higher reaction rate of anti-diol cleavage compared to its syn isomer has been observed and accounted for with the mechanism described. [25] Based on this monodentate type II mechanism, two scenarios were possible:either ar adical or at wo-electron oxidative fragmentation. [2a] Such mechanistic investigations were previously performed on Ce IV reagents with the same substrate,a nd the two mechanisms were distinguished by addition of acrylamide for radical trapping. [26] Since our experiments showed no difference in the presence or absence of acrylamide (Figure S12), we therefore conclude that the reaction catalyzed by Na-Mn LMO followed atype II mechanism via two-electron oxidative fragmentation as proposed in Scheme 2. This monodentate mechanism also supports the beneficial role of Na 2 CO 3 observed for less-reactive substrates (Table 2, entry 6), which fosters deprotonation of the A' ' intermediate,asmentioned by Criegee et al. for this pathway. [27] Thep roposed catalytic cycle involves Mn IV and Mn II species,with the Mn II species reoxidized by O 2 ,forming H 2 O. Thefractional order of O 2 suggests reoxidation of Mn II was part of the rate-determining step,a nd also indicates as equence of elementary steps,p ossibly involving dissociation processes on the catalyst surface. [START_REF] Houston | Chemical kinetics and reaction dynamics[END_REF] Thus,current effort is devoted to investigate the reoxidation of Mn II into Mn IV ,o n the catalyst surface. [START_REF] Makwana | [END_REF] Such understanding would enable us to design the next generation of catalyst that could yield comparable performance using air, which displays al ower rate than pure O 2 with our current Na-Mn oxide catalyst, as Table 1shows.

As the heterogeneous nature of the catalyst was ak ey attribute,itwas assessed by the removal of the catalyst before the reaction was complete by simple filtration. Analysis of the reaction mixture showed no further conversion after removal of the catalyst (Figure S13). Therecyclability of Na-Mn LMO catalyst was also confirmed. It was isolated, washed with ethanol and dried at 105 8 8Cf or 2h before being reused (Figure S14). Thecatalyst was employed in six successive runs without any loss of activity.

Finally,t of urther assess the utility of Na-Mn LMO catalysis as as ynthetic tool, we examined its utility in multistep,o ne-pot reaction sequences.Aset of diverse domino reactions involving an initial oxidative cleavage of 1,2-diol by Na-Mn LMO were conducted (Scheme 3), and all processes afforded the desired products with high efficiency,indicating the broad applicability of the catalyst.

In conclusion, we have developed an ew method for the aerobic oxidative cleavage of 1,2-diols,with ah eterogeneous catalyst, easily prepared from inexpensive and abundant metals.T his catalyst affords the products in short reaction times,under mild conditions and with facile work-up,and can be reused several times without loss of activity.T he absence of precious metals,t oxic solvents and reagents,the use of O 2 or air in atmospheric conditions with H 2 Oa st he only byproduct, make this catalyst more appealing for the cleavage of activated 1,2-diols to any previously reported systems.T his Scheme 2. Proposed mechanism for the reaction.

Scheme3. Application of Na-Mn LMO-catalyzed aerobic oxidativec leavage of 1,2-diols in domino reactions. Yields and Z/E ratios were determined by 1 HNMR spectroscopy. Entry Substrate [b] t [h] Product Conv.

[%] [c] Yield [%] [c] 13 18 0-14 15 0-

[a] Reaction conditions: substrate (0.2 mmol), Na-Mn LMO (10 mol % Mn), 1-butanol (1 mL), O 2 balloon, 100 8 8C. [b] Unless specified, the starting diols bearing two stereogenic centers were used as variable mixtures of diastereoisomers. [c] Determined by GC using dodecane as internal standard, values in square brackets correspond to isolated yields. Unless specified, remainingmass balance is recovered starting materials. [d] Reaction performed with 1mol %Mnfrom Na-Mn LMO.

[e] Remaining mass balance was unidentified degradationp roducts.

[f]Reaction performed in presence of Na 2 CO 3 (0.4 mmol).

method excels at handling benzylic 1,2-diols,c leaved in excellent yields (92-99 %), with high selectivity (> 99 %). Mechanistic investigations revealed am onodentate,t woelectron oxidative fragmentation, involving Mn IV as the oxidizing species.F inally,w ea pplied this system in several domino reactions,s howing the compatibility of the catalyst with different conditions to demonstrate its value as apowerful synthetic tool.

Figure 1 .

 1 Figure 1. a) Influence of NaOH concentration used for Na-Mn LMO preparation on its catalytic efficiency and on particles size. b) Influence of bases of different strength on catalytic efficiencya nd on particles size. Reaction conditionsf or (a) and (b) are the same than forTable 1, entry 1.
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